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resumo 
 
 
Cycliophora é um filo animal descrito recentemente que acomoda, apenas, 
duas espécies: Symbion pandora Funch e Kristensen, 1995 e S. americanus 
Obst, Funch e Kristensen, 2006. Este filo é caracterizado por um ciclo de vida 
assaz complexo, cuja posição filogenética tem sido debatida desde a sua 
descoberta. Esta dissertação visa aprofundar o conhecimento geral existente 
acerca destes enigmáticos e pouco explorados metazoários. Assim, vários 
aspectos da morfologia e ecologia de ciclióforos foram estudados através de 
observações in vivo, técnicas de microscopia e reconstrução tridimensional.  
A mioanatomia de várias fases do ciclo de vida é descrita para S. pandora e S. 
americanus. Os nossos resultados revelam uma similaridade contundente 
entre a musculatura das duas espécies. A mioanatomia geral de Symbion é, 
ainda, comparada à de outros metazoários. 
A expressão de algumas substâncias imunorreactivas, como são exemplo a 
serotonina e as sinapsinas, é investigada em várias formas do ciclo de vida. 
Quando comparados com outros representantes de Spiralia, conclui-se que a 
neuroanatomia geral dos ciclióforos se assemelha mais às formas larvares do 
que aos adultos.   
Apesar de possuírem um plano corporal sofisticado, com extensas áreas 
ciliadas e uma mioanatomia complexa, descobrimos que o macho de ambas 
as espécies Symbion é composto por apenas algumas dezenas de células. 
Baseando-nos nestas observações, inferimos que a complexidade dos 
metazoários não se relaciona com o tamanho corporal nem com o número de 
células de um organismo.    
Estudos sobre a ultra-estrutura da fêmea revelaram, entre outras estruturas, 
um putativo poro genital, extensões citoplasmáticas do oócito e glândulas 
posteriores. Morfologia e implicações funcionais destas estruturas são aqui 
discutidas. 
A anatomia do protonefrídeo da larva cordóide é descrita. A arquitectura deste 
órgão diverge daquela presente noutros representantes de Nephrozoa, 
particularmente ao nível da área de filtração da célula terminal. As nossas 
observações são discutidas em termos filogenéticos.      
A maturação sexual em ciclióforos é investigada. Os nossos resultados 
sugerem que a transição de reprodução assexual a sexual se relacione com a 
idade da forma séssil, a “feeding stage”. A presença da larva Prometeus 
assente no tronco desta também poderá influenciar o processo, embora mais 
estudos sejam desejáveis para o comprovar. 
Os nossos resultados são discutidos integrativa e comparativamente com o 
conhecimento prévio sobre Cycliophora. A cumulação deste conhecimento 
será essencial para a compreensão da evolução e filogenia deste enigmático 
filo.   
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abstract 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As one of the most recently discovered animal phyla, Cycliophora to date 
comprises only two described species, Symbion pandora Funch and 
Kristensen, 1995 and S. americanus Obst, Funch and Kristensen, 2006. This 
enigmatic phylum is characterized by a complex life cycle and a phylogenetic 
position that has been under debate ever since its discovery. This dissertation 
aims to increase the general knowledge on these cryptic animals. Various 
aspects of the cycliophoran morphology and ecology are studied by a 
combination of in vivo observations, several microscopic techniques and 3D 
reconstruction imaging.  
Herein, we describe the muscle arrangement of the several life cycle stages of 
S. pandora and S. americanus. Overall, our results reveal striking similarities in 
the myoanatomy of both cycliophoran species. We discuss our findings with 
respect to muscle elements of other metazoan groups, as well. 
The distribution of a number of immunoreactive substances, e.g., serotonin and 
synapsin, is investigated in various life cycle stages. It is concluded that the 
overall neuroanatomical condition of all cycliophoran larval stages resembles 
much more the situation of adult rather than larval spiralians.  
Despite its sophisticated bodyplan, which includes extensive locomotory 
ciliated fields and a complex myoanatomy, we find that the cycliophoran dwarf 
male of both Symbion species is composed of solely a few dozens of cells. 
Based on these findings, we infer that complexity of metazoans is neither 
correlated to the body size nor the overall number of cells of an individual.  
Continued studies on the ultrastructure of the female revealed the existence of, 
among other features, a putative gonopore, cytoplasmic extensions of the 
oocyte and posterior glands. The morphology and the functional implications of 
these structures are discussed.   
The complete ultrastructural anatomy of the cycliophoran protonephridium, 
including the filtration area and the nephridiopore, is described herein. The 
cycliophoran protonephridial architecture diverges from that of all other 
nephrozoans mainly in the filtration area, in which no pores or clefts are found. 
Our findings are discussed in phylogenetic terms.  
Sexual maturation in the complex cycliophoran life cycle is investigated. Based 
on our findings we argue in favor of a shift to sexuality motivated by the age of 
the feeding stages, which is estimated by the number of cuticular wrinkles. The 
settled Prometheus larva may also induce the generation of a female by a 
feeding individual, though this needs to be further investigated. 
Our new findings are integrated and comprehensively discussed with the pre-
existent knowledge on Cycliophora. This accumulation of information will be 
essential to retrace the evolution of this enigmatic phylum and to make a final 
decision on its phylogenetic placement within Metazoa. 
 
 
  
 
  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Para ser grande, sê inteiro: nada 
Teu exagera ou exclui. 
 
Sê todo em cada coisa. Põe quanto és 
No mínimo que fazes. 
 
Assim em cada lago a lua toda 
Brilha, porque alta vive. 
 
 
                                                             Fernando Pessoa 
 
 
  
  
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To be great, be whole: don't exaggerate 
Or leave out any part of you. 
 
Be complete in each thing. Put all you are 
Into the least of your acts. 
 
So too in each lake, with its lofty life, 
The whole moon shines. 
 
                                                                 
                                                                     Fernando Pessoa 
(Celebrated Portuguese poet, 1888-1935) 
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same specimen as in A), and 3D imaging (E and F, the same specimen as in A). Anterior faces downwards in 
all aspects except for F, which is a frontal view. A, B: Dorsal view. C, D: Lateral view. Note the strong 
muscular components in the larval form encircling the two dwarf males brooded inside. E: 3D reconstruction 
of the specimen shown in A. F: Frontal view of the same 3D reconstruction as in E. ..………………….… 26 
 
Fig. 2.8. Body musculature of three specimens of the dwarf male of Symbion americanus visualized by 
FITC-coupled phallacidin staining and CLSM (A–D) and by 3D imaging (E and F). Anterior faces left in all 
aspects except for D, in which it faces downwards. A: Ventral view. The dashed contour line indicates the 
relative position of the penis. B: Lateral view. C: Dorsal view. D: Dorso-lateral view (same specimen as in 
C). Note the strong muscular components on the posterior side and the several dorso-ventral muscles. E: 
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Fig. 3.1. Symbion pandora. Light micrographs of feeding stages with closed buccal funnels (A and D). Body 
musculature visualized by fluorescein isothiocyanate-coupled phalloidin staining and confocal laser scanning 
microscopy (B and E) and by 3D imaging (C and F). Distal faces upwards in all aspects. (A) Same specimen 
(from Peniche) as in B and C. Note that the buccal funnel is closed, as in D. (B) Note the new fully formed 
buccal funnel and the new gut structures in the proximal part of the trunk. (C) This specimen has five short 
and thick trunk longitudinal muscles. The attached Prometheus larva shows strong F-actin reactivity which 
suggests that more than one dwarf male is being developed inside. (D) Same specimen (from Sagres) as in E 
and F. (E) Specimen with eight trunk longitudinal muscles. The muscle fibers are longer and narrower than 
those found in the specimen shown in B. (F) Note that four of the trunk longitudinal muscles are closer to the 
gut than the four others. The scarce fluorescence signal from the attached Prometheus larva should in this 
case be related only to its own musculature and not from any developing male. …………………...……… 44 
 
Fig. 3.2. Symbion pandora. Transmission electron micrographs of longitudinal sections in the buccal funnel 
region of a feeding stage. The insert figure shows a photomerging of micrographs from the specimen shown 
in A and B, in which the region of interest is outlined. (A) Buccal funnel longitudinal muscle (bm). 
Attachment fibers (double arrowheads) anchor the oblique, cross-striated muscle by means of double 
hemidesmosomes to the procuticle of the cuticle (cu). (B) The buccal funnel longitudinal muscles anchored 
in the epidermis (ep) by means of double hemidesmosomes (arrows). ……………………………...……… 47 
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Fig. 3.3. Symbion pandora. Transmission electron micrographs of longitudinal sections in the anterior region 
of the trunk of a feeding stage. (A) Trunk longitudinal muscle (tm) anchored to the epidermis (ep) by means 
of double hemidesmosomes (arrows). The same trunk longitudinal muscle is attached to the procuticle of the 
cuticle (cu) by means of a double hemidesmosome (double arrowheads) and a very long attachment fiber 
(af). (B) Overview of a cross-section of the median body region showing the buccal funnel (bf) and the trunk 
(tr). Same specimen as in B and C. (C) Longitudinal muscle (tm) anchored to the epidermis by means of a 
double hemidesmosome (arrow). (D) Trunk longitudinal muscle attached to the procuticle (double 
arrowheads) and anchored to the epidermis (arrow) in distinct spots. (E) Close-up of the area outlined in A. 
Note the trunk longitudinal muscle connecting the attachment fiber by means of a double hemidesmosome 
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Fig. 3.4. Symbion pandora feeding stage visualized by fluorescein isothiocyanate-coupled phalloidin staining 
and confocal laser scanning microscopy (A and A’) and transmission electron microscopy (B-E). B is a 
longitudinal section, whereas C–E are cross-sections. (A) same specimen as in Fig. 1E. A’: close up of the 
anal sphincter musculature outlined in A. (B) Location of the anal sphincter relatively to the anal opening 
(an). Note the longitudinal trunk muscle (tm) and the nerve tissue (ne) located close to the anal sphincter. (C) 
Section in the distal body region. The basal lamina (bl) surrounds the myoepithelial tissue (my) of the anal 
sphincter and only one nucleus (nu1) is observed. Several mesodermal muscles (me) are located between the 
sphincter apparatus and the epidermis. Note the proximity of the anal sphincter to the descending branch of 
the digestive tract, full of cilia (ci). (D) Cross-section in the median body region. Note that no nucleus is 
observed at this level. (E) Section in the proximal body region. A second nucleus (nu2) is identified. ….… 49 
 
Fig. 3.5. Transmission electron micrograph of the anal sphincter of Symbion pandora. Cross-section in the 
median body region. Note the absence of a nucleus in the anal sphincter. Myoepithelial muscle fibers (my) 
are located internally to the basal lamina (bl) surrounding the anal sphincter. Mesodermal muscle fibers (me) 
are situated externally to that extracellular matrix. Note the proximity of the anal sphincter to the descending 
branch of the gut (dg), which is also surrounded by a basal lamina (bld). ………………………..………… 50 
 
Fig. 3.6. Symbion pandora. Light micrograph of an attached Prometheus larva that was carefully removed 
from the trunk of a feeding stage (A). Body musculature of the specimen shown in A visualized by 
fluorescein isothiocyanate-coupled phalloidin staining and confocal laser scanning microscopy (B) and by 3D 
imaging (C). Anterior faces downwards and lateral view in all aspects. (A) Three developing dwarf males 
(nd1-3) are observed inside the larval body. (B) Note that several F-actin reactive fibers are identified in this 
specimen but it is difficult to interpret which structures are from the attached Prometheus larva and which are 
from the developing males. (C) Note the thick larval muscles encircling the three dwarf males brooded 
inside. ...……………………………..………………………..……………………………………………… 51 
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Fig. 3.7. Transmission electron micrograph of a cross-section of a Prometheus larva of Symbion pandora that 
is attached to a feeding stage and houses a developing dwarf male inside its body. Note the several 
Prometheus larva muscles (plm) that surround the newly generated dwarf male. ..………………………… 52 
 
Fig. 3.8. Transmission electron micrographs of cross-sections of a Prometheus larva of Symbion pandora 
attached to a feeding stage. Same specimen as in Figure 7. (A) Prometheus larva muscle (plm) anchored to 
the epidermis (ep) by means of double hemidesmosomes (arrows). (B) Muscle fiber anchored to the 
epidermis (ep) of the Prometheus larva by means of a double hemidesmosome (arrow). Note the attachment 
fiber (double arrowhead) that attaches the muscle to the procuticle of the cuticle (pcu). (C) A Prometheus 
larva muscle attached to the procuticle and anchored to the epidermis via distinct double hemidesmosomes. 
……………………………………………………………………………………………………………….. 53 
 
Fig. 3.9. Symbion pandora. Light micrograph of a dwarf male (A). Body musculature of the specimen shown 
in A visualized by fluorescein isothiocyanate-coupled phalloidin staining and confocal laser scanning 
microscopy (B-D) and by 3D imaging (E-F). Anterior faces left in all aspects. (A) Ventral view. Note the 
prominent penis (pe) located posteriorly. (B) Ventral view. (C) Dorsal view. (D) lateral view. Note the strong 
F-actin reactivity in the posterior part of the body. (E) Dorsal view. (F) Lateral view. Note the several 
dorsoventral muscles. .……………………………………………………………………………...……….. 54 
 
Fig. 3.10. Symbion pandora. Transmission electron micrographs of longitudinal sections of a dwarf male 
while inside a Prometheus larva. (A) Muscle (mmu) with three attachment fibers (arrows) anchored to the 
epidermis (ep). (B) Muscle with two attachment fibers (double arrowheads) anchored directly to the thin 
cuticle (mcu). (C) Another muscle with attachment fibers attached directly to the cuticle. (D) Muscle with 
attachment fibers attached to the cuticle via the epidermis. (E) Posterior muscle in the left side of the penis. 
(F) Overview of the dwarf male while inside the Prometheus larva as presented in all images; the outlines 
mark the areas shown as close-ups in E (black) and G (white). (G) Posterior muscle anchored to the right side 
of the penis. .…………..……………………………………………………………………………………... 56 
 
Fig. 3.11. Symbion pandora. Light micrograph of a feeding stage with a developing female inside (A). Body 
musculature of the specimen shown in A visualized by fluorescein isothiocyanate (FITC)-coupled phalloidin 
staining and confocal laser scanning microscopy (CLSM) (B) and by 3D imaging (C). Body musculature of a 
specimen (generating a new stage and a new buccal funnel) visualized by FITC-coupled phalloidin staining 
and CLSM (D). Distal faces upwards in all aspects. (A) Note the degenerating buccal funnel (bf) of the 
feeding stage and the female’s oocyte (oo). (B) Except for the ring musculature (rm) and the trunk 
longitudinal muscles (tm) of the feeding stage, all muscle fibers observed herein compose the complex 
musculature of the developing female. Note the absence of a buccal funnel inside the trunk. Note that anterior 
is facing downwards in the developing female, which is occupying the whole volume of the trunk. (C) 
Clearly the trunk longitudinal muscles of the feeding stage are surrounding the complex female’s body 
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musculature. (D) Note that the volume occupied by the newly generated stage (ns) is in this case much less 
than in B. .…………………………………………………………………………...……………………….. 58 
 
Fig. 3.12. Symbion pandora. Light micrograph of a chordoid cyst attached to a host seta (A) and body 
musculature visualized by fluorescein isothiocyanate-coupled phalloidin staining and confocal laser scanning 
microscopy (B). Anterior end of the chordoid cyst is facing downwards, however, the newly generated 
chordoid larva has its anterior end facing upwards. (A) Lateral view. (B) Note the strong muscular chordoid 
organ running along the entire body length. Note, as well, the other various fully formed cross-striated 
muscles usually observed in the free-swimming chordoid larva. ………………………………………...…. 60 
 
Fig. 4.1. The chordoid larva of Symbion pandora, light micrographs. Anterior faces left in both aspects, scale 
bars equal 25 μm. A: Lateral view. B: Dorsal view. ………………………………...…………………...…. 74 
 
Fig. 4.2. CLSM micrographs of the synapsin immunoreactive nervous system of the chordoid larva of 
Symbion pandora. Anterior faces left in all aspects, scale bars equal 25 μm. A: Lateral view showing the 
prominent cerebral ganglion (asterisk) with dorsal (dp) and anterior (ap) projections, as well as the outer 
ventral longitudinal neuritis (arrows). Note one of the connections to the cerebral ganglion (double 
arrowhead), an immunoreactive perikaryon (pe) of the right outer ventral neurite, and one lateral projection 
(lp) of the left outer ventral neurite. B: Dorsal view showing the dorsal (dp) and anterior (ap) projections 
from the cerebral ganglion (asterisk). Note the scattered signal in the inner neurites (arrowheads) and in the 
outer ventral longitudinal neuritis (arrows), which each split (double arrowheads) before connecting to the 
cerebral ganglion (asterisk). C: Antero-lateral aspect of the specimen shown in B. Note the exact location of 
the dorsal (dp) and anterior (ap) projections as well as the ventral longitudinal neurites (arrows), which 
connect to the cerebral ganglion (asterisk). D: Antero-ventral aspect of the specimen shown in B. Note the 
four connecting points (double arrowheads) of the outer ventral longitudinal neurites (arrows) to the cerebral 
ganglion (asterisk), as well as the inner neurites (arrowheads). ………………………..………………...…. 78 
 
Fig. 4.3. 3D reconstruction of the synapsin immunoreactive nervous system of the chordoid larva of Symbion 
pandora. Anterior faces left in both aspects, scale bars equal 25 μm A: Dorsal view. B: Lateral view. …... 79 
 
Fig. 4.4. 3D reconstructions (A, B) and CLSM micrographs (A’, A’’, B’, B’’) of neurotransmitter and 
synapsin co-localization in the chordoid larva of Symbion pandora. Anterior faces left in all aspects, scale 
bars equal 25 μm. A: 3D reconstruction of synapsin (yellow) and serotonin (green) double staining. Cell 
nuclei are labeled in blue to indicate the gross anatomy of the larva. Co-localization is observed only in the 
cerebral ganglion and partially in the anterior projections and the outer neurites. A‘: CLSM micrograph of 
the serotonergic nervous system of the same specimen as in A. A‘‘: CLSM micrograph of the synapsin 
immunoreactive components of the nervous system of the same specimen as in A. B: 3D reconstruction of 
synapsin (yellow) and RFamidelike immunoreactivity (red) double staining. Co-localization is present in the 
cerebral ganglion, the dorsal projections, and in the outer ventral neurites. Note that the anterior projections 
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only express synapsin. B‘: CLSM micrograph of RFamide-like immunoreactivity of the same specimen as in 
B. B‘‘: CLSM micrograph of the synapsin immunoreactive components of the nervous system of the same 
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Fig. 4.5. Proposed ancestral character states of key neuro-anatomical features plotted on four alternative 
phylogenetic scenarios. Comparative analyses suggest an adult brain, two (maybe four) ventral neurite 
bundles, a simple larval apical organ consisting of not more than four flask-shaped serotonergic cells, and 
prototroch neurites as having been present in the last common spiralian ancestor (see Wanninger 2009). A: 
Assuming a cycliophoran-entoproct sister relationship (Zrzavý et al., 1998; Sørensen et al., 2000) implies that 
tetraneury and a complex larval apical organ evolved twice, once in the lineage leading to Mollusca and one 
in Entoprocta. B: An entoproct-mollusk clade (Tetraneuralia) as suggested by previous morphological studies 
(Bartolomaeus, 1993a,b; Ax, 1999; Wanninger et al., 2007; Haszprunar and Wanninger, 2008) is further 
supported by the existence of a complex larval apical organ and a tetraneurous nervous system in both 
groups. C: An ectoproct-entoproct assemblage (Nielsen, 1971, 2001; Zrzavý et al., 1998; Sørensen et al., 
2000) implies that four longitudinal serotonergic neurites or neurite bundles have evolved three times 
independently, namely in Cycliophora, Entoprocta, and Mollusca. In addition, the simple apical organ of the 
last common spiralian ancestor has been replaced by an anterior brain in the cycliophoran larvae and by a 
ring-like neurite in some ectoprocts. The complex apical organ evolved independently in Mollusca and 
Entoprocta. D: Assuming a cycliophoran-entoproct clade (Zrzavý et al., 1998; Sørensen et al., 2000) suggests 
four serotonergic longitudinal neurites or neurite bundles as the ancestral condition for this assemblage. The 
complex apical organ evolved independently in Entoprocta and Mollusca while the cycliophoran larvae have 
replaced the simple apical organ of the last common spiralian ancestor by an anterior bilobed brain. ...…... 82 
 
Fig. 5.1. The free-swimming Pandora larva (A and B) and Prometheus larva (C and D) of Symbion 
americanus. Scanning electron (A, C and D), and light (B) micrographs. Anterior faces left in both aspects. 
A: Pandora larva, ventral view. This larval form possesses a large, antero-ventral ciliated field (vc) and a 
posterior ciliated tuft (pc) as locomotive organs. B: Dorsal view. Note the buccal funnel (bf) in the posterior 
region of the larval body. C: Lateral view. A pair of retractable appendages, the so-called toes (to), is located 
posteriorly. A large antero-ventral ciliated field (vc) and a posterior tuft of cilia (pc) serve as locomotive 
organs. D: Dorsal view. . ………………………..…………………………………………...…………...…. 99 
 
Fig. 5.2. The serotonergic nervous system of the Pandora larva of Symbion americanus. Maximum projection 
images of confocal microscopy stacks (A-D) and 3D reconstructions (E, F). Anterior faces left in all aspects. 
A: Dorsal view showing the ring-shaped serotonergic cerebral ganglion from which several (probably three) 
serotonergic perikarya (pe) project latero-posteriorly and thin neurites project anteriorly (double arrows). A 
commissure (arrowhead) lines the posteriormost part of the ring-shaped pattern. Note the ventral longitudinal 
neurites (arrows) emerging laterally from the cerebral ganglion and converging at the posteriormost region of 
the larval body. Short neurites project posteriorly from the point of convergence (double arrowheads). 
Serotonergic neurites are present in the buccal funnel (bfn). An asterisk marks a putative glandular structure. 
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B: Dorsal view. Detail of the ring-shaped serotonergic cerebral ganglion with several serotonergic perikaria 
(pe) emerging laterally, and thin neurites projecting anteriorly (double arrows). C: Ventro-lateral view. 
Double stained specimen; cilia labelled green. Note the large antero-ventral ciliated field (vc) and a small 
posterior tuft of cilia (pc). Cilia inside the buccal funnel (bc) and gut (gc) are also stained. Serotonergic 
neurites are found in the buccal funnel (bfn). D: Ventral view. Double stained specimen; cilia labelled green. 
Detail of the developing digestive system with cilia inside the buccal funnel (bc) and the gut (gc). Note the 
serotonergic neurites in the buccal funnel (bfn). E: Ventral view. Somatic nuclei indicate the outline of the 
larval body (grey). F: Lateral view of a double stained specimen. ………………………..…………….… 100 
 
Fig. 5.3. The serotonergic nervous system of the Prometheus larva of Symbion americanus. Maximum 
projection images of confocal microscopy stacks (A-D) and 3D reconstructions (E, F). Anterior faces left in 
all aspects. A: Dorsal view showing the ring-shaped serotonergic cerebral ganglion with several serotonergic 
perikaria (pe) emerging latero-anteriorly and thin neurites projecting anteriorly (double arrows). A 
commissure (arrowhead) lines the posteriormost part of the ring-shaped pattern. Ventral longitudinal neurites 
(arrows) emerge laterally from the cerebral ganglion and converge at the posteriormost region of the larval 
body. Note that short neurites project posteriorly from that point of convergence (double arrowheads). 
Asterisk marks a putative glandular structure. B: Ventral view. Note that immunoreactivity appears weaker in 
the point of convergence of the ventral longitudinal neurites than in the specimens shown in A and D. C: 
Dorsal view. Detail of the ring-shaped serotonergic cerebral ganglion with several serotonergic perikarya (pe) 
emerging laterally. Note the several serotonergic commissures (arrowheads). D: Dorsal view. Double stained 
specimen; cilia labelled green. Note the large, antero-ventral ciliated field and the small posterior tuft of cilia. 
The small ciliated areas (dc) located in the mid-part of the larval body belong to developing dwarf males. 
Note the strong serotonin signal from the putative glandular structure (asterisk). E: Ventral view. Somatic 
nuclei (grey) indicate the outline of the larval body. F: Lateral view of a double stained specimen. …...… 102 
 
Fig. 5.4. The dwarf male of Symbion americanus, scanning electron micrographs. Anterior faces left in all 
aspects. A: Ventral view showing the large ventral ciliated field (vc) and the ventro-posterior location of the 
penis (pe). B: Lateral view with the long cilia that compose the lateral sensorial organ (ls). Note the frontal 
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Fig. 5.5. The serotonergic nervous system of the dwarf male of Symbion americanus. CLSM projections of 
triple labelled specimens for serotonin (red), cilia (green), and nuclei (blue) (A-D), and 3D reconstructions 
(E, F). Anterior faces left in all aspects. A: Ventral view showing the sickle shaped part of the neuropil of the 
serotonergic ganglion (ce). Note the ventral longitudinal neurites (vn) emerging from the serotonergic 
cerebral ganglion. B: Same specimen as in A. Note the position of the serotonergic nervous system relative to 
the ventral ciliated field (vc) and the lateral sensory organ (ls). Somatic cell nuclei (sn) indicate the outline of 
the larval body. C: Dorso-lateral view showing the serotonergic cerebral ganglion (ce) and the ventral 
longitudinal neurites (vn). D: Same specimen as in C. Note the position of the serotonergic nervous system 
relative to the frontal ciliated fields (fc). White dots line the testes. E: Dorsal view. F: Lateral view. ……. 104 
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Fig. 6.1. Anatomy of the free-swimming cycliophoran dwarf male. Line drawing based on light, electron, and 
confocal microscopy data from Obst and Funch (2003) and Neves et al. (2009). ...………..………...…… 118 
 
Fig. 6.2. The sexually mature dwarf males of the cycliophorans Symbion americanus (A, B) and S. pandora 
(C, D). All aspects are in ventral view except D, which is a cross section. Anterior faces to the left. Scale bars 
represent 5 μm. (A) Scanning electron micrograph. The gross morphology of the male includes a frontal (fc) 
and a ventral (vc) ciliated field as well as lateral sensoria (ls). A penial structure (pe) is found in 
ventroposterior position. (B) 3D reconstruction of the arrangement of the nuclei of somatic (blue) and sperm 
(green) cells based on a Z-stack of confocal micrographs. The specimen was stained with the nucleic acid 
stain DAPI. (C) 3D reconstruction showing the architecture of the musculature (yellow) and the arrangement 
of the nuclei of somatic (blue) and sperm (green) cells based on a Z-stack of confocal micrographs. The 
specimen was double-stained with DAPI for cell nuclei and with fluorochrome-coupled phalloidin for F-
actin. (D) Transmission electron micrograph of a longitudinal section of a male inside a Prometheus larva 
(pl). Cerebral (cg) and medial (mg) glands are observed anteriorly and medially, respectively, in the larva. 
The bilobed cerebral ganglion (ga) is located anteriorly. The cuticular penial sheath (ps) is situated 
posteriorly to the testis (te), which are recognized by the presence of sperm cells (lined with green). Nuclei of 
somatic cells are lined with blue. ...…………………………….……………………………………..……. 119 
 
Fig. 7.1. Symbion pandora, dwarf male. Anterior faces to the left in all aspects. A: Ventral view. The tip of 
the penis (arrow) is extruded while the base is hidden inside the lumen (double arrowhead) of the penial 
pouch (pp). The lateral sensoria (ls) are composed of long cilia. B: Close-up of the penial pouch of the 
specimen shown in a. Note the ridges (arrowheads) of the cuticle in the region at the base of the penis (cb). 
C: Dorsal view. D: Lateral view. The frontal ciliated (fc) field extends dorsally, covering the anterior-most 
third of the male body, and a ventral ciliated field (vc) spans from the most anterior body region until the 
penial pouch. …….………………………………………………………….…………….………….…….. 130 
 
Fig. 7.2. Symbion americanus, free male. Anterior faces to the left in all aspects. A: Ventral view. The penis 
(arrow) lies inside the lumen (double arrowhead) of the penial pouch (pp). Long cilia compose the lateral 
sensoria (ls). B: Close-up of the penial pouch of a specimen in ventral view. Note that the cuticle in the 
region at the base of the penis (cb) is devoid of ridges. C: Dorsal view. D: Ventro-lateral view. The frontal 
ciliated (fc) field covers the dorsal side in the anterior-most third of the male body. On the ventral side, a 
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Fig. 7.3. Line drawing of the cycliophoran dwarf male (reprinted with permission from Neves et al., 2009b). 
Lateral view, anterior faces to the left. Scale bar represents 10 μm. cg, cerebral glands; dm, dorsal muscle; 
dp, dorsal papilla; dvm, dorsoventral muscles; fc, frontal ciliated field; fp, frontal palp; fs, frontal sensoria; 
ga, cerebral ganglion; hm, horseshoe-shaped muscles; ls, lateral sensoria; mg, medial glands; pe, penial 
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structure; pg, prostate glands; psm, posterior short muscles; pp, penial pouch; sp, sperm cells; te, testis; vc, 
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Fig. 8.1. Line drawing of a cycliophoran female elongated while crawling. Ventral view, anterior faces left. 
The anterior ciliation consists of an anteroventral ciliated field (vc) used in locomotion and frontal (fs) and 
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body and aligned with a putative gonopore (go). Supportive cells (sc) are present between the gonoduct and 
the oocyte. Several auxiliary cells (ac) situated posteriorly to the oocyte may be responsible for its nutrition. 
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Fig. 8.4. Line drawing of a female based on the specimen shown in Fig. 8.3. Anterior faces left. Several 
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Fig. 8.5. Close-up of the anterior region of the female body. Light micrograph. Dorsal view, anterior faces 
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Fig. 8.8. Transmission electron micrographs of the anterior body region. Symbion pandora. A: Cross section 
in the region of the ventral ciliated field (vc). B: The frontal sensory organ is composed by a group of 12-13 
cilia (arrow) surrounded by several microvilli (arrowheads). C: Close-up of a gland outlet. Note the 
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Fig. 8.10. Transmission electron micrographs of a putative gonopore in the mid-body region of the female. 
Symbion pandora. A: The putative gonopore is located ventrally and aligned with the oocyte (oo). A 
gonoduct leading from the gonopore to the oocyte and nerves innervating the gonopore are absent. B: Close-
up of the posterior region of the gonopore. Note that this structure is lined with several cilia (ci). C: Close-up 
of the anterior region of the gonopore. D: Body region anterior to the putative gonopore. Cilia from the 
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Fig. 8.11. Transmission electron micrographs of the female body cuticle. Symbion pandora. A: The cuticle is 
composed of a thick procuticle (pc) and an epicuticle (ec) arranged in adjacent polygons. A circular muscle 
(mu) attaches to the procuticle via electron dense fibers (af). B: The epicuticle is composed of an external 
electron dense layer that is followed by two bilayered laminae (arrows). ….….………………………….. 151 
 
Fig. 8.12. Transmission electron micrograph of a cross section at the anterior region of the female body. 
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“…the announcement of the Cycliophora raises 
many more questions than it answers.” 
Conway Morris  
 
 
1.1 Phylum Cycliophora: an overview 
 
Cycliophorans have been known by several zoologists since 1969, though none of 
them could place these microscopic animals into any known phylum. Only as late as in 
1995 these epizooics were thoroughly described and Cycliophora was erected as an entire 
new phylum (Funch and Kristensen, 1995; Kristensen, 2002). Indeed, the phylogenetic 
placement of this recently described phylum is still very uncertain. A relationship with 
Ectoprocta and Entoprocta has been proposed in the original description; however, the very 
first molecular study on its phylogenetic placement suggested a close proximity to a 
Rotifera-Acanthocephala clade (Winnepenninckx et al., 1998). This issue has been 
continuously debated and various phylogenetic studies have placed Cycliophora closely to 
either gnathiferan taxa (Giribet et al., 2000; Peterson and Eernisse, 2001; Zrzavý et al., 
2001; Zrzavý, 2002; Giribet et al., 2004) or to Entoprocta alone (Zrzavý et al., 1998; 
Sørensen et al., 2000; Obst, 2003; Passamaneck and Halanych, 2006). More recent 
molecular studies suggest Ectoprocta to be the sister group of a cycliophoran-entoproct 
assemblage (“Polyzoa”) (Paps et al. 2009; Hejnol et al. 2009), which partly corroborates 
the assumptions made in the original description (Funch and Kristensen, 1995). 
So far, phylum Cycliophora accommodate solely two species of minute, acoelomate 
animals that live on the mouthparts of nephropid lobsters. Symbion pandora Funch and 
Kristensen, 1995 lives commensally on the Norway lobster, Nephrops norvegicus 
Linnaeus, 1758, while S. americanus Obst, Funch and Kristensen, 2006 lives on the 
American lobster Homarus americanus H. Milne-Edwards, 1837. However, a still 
undescribed cycliophoran species lives on the European lobster, Homarus gammarus 
Linnaeus, 1758 (cf. Funch and Kristensen, 1997; Nedvěd, 2004). The two species hitherto 
described belong to a single family, order and class: Symbiidae, Symbiida and 
Eucycliophora, respectively (Funch and Kristensen, 1995; Obst et al., 2006). 
Cycliophorans seem thus to be widely distributed but highly host specific, i.e. with low 
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species diversity. However, recent studies have suggested the existence of cryptic lineages 
present on the American lobster (Obst et al., 2005; Baker and Giribet, 2007; Baker et al., 
2007). 
The cycliophoran life cycle is metagenetic, i.e., alternates between asexual and 
sexual reproduction, and involves several adult and larval stages (see Fig. 1.1). The gross 
morphology of all life cycle events has been thoroughly described in earlier studies (see 
Funch and Kristensen, 1995, 1997; Funch, 1996; Kristensen, 2002; Obst and Funch, 2003). 
Succinctly, a sessile polyp-like individual reproduces asexually by internal budding and 
thus increases the population size on the mouthparts of a single host. Only later the sexual 
mature stages appear, as well as a dispersal stage that may occupy a new host. Some details 
of the life cycle are, nevertheless, not known in detail. These are (i) the putative encounter 
between the dwarf male and the female as well as the mode of fertilization, (ii) 
embryogenesis, and (iii) metamorphosis of the dispersal stage, the so-called chordoid larva, 
into a feeding stage. This lack of data is mainly due to the fact that it is not yet possible to 
close the reproductive cycle of cycliophorans under laboratory conditions; so far, it is only 
possible to isolate individual life cycle stages and that is more a question of chance than 
method.  
The polyp-like feeding stage, the first to be known by zoologists, is the most 
prominent life cycle stage. Its body consists of a buccal funnel, an ovoid trunk, and a stalk 
with an attachment disk (Funch & Kristensen, 1997). This sessile stage is the only 
cycliophoran form equipped with a feeding apparatus, whereby the ciliated buccal funnel is 
used to filter small food particles from the surrounding water (Funch & Kristensen, 1995). 
Simultaneously with the feeding behavior of the lobster host, the buccal funnel cilia start to 
beat and create water currents that direct the food particles to the mouth in a downstream 
collection process (Riisgård et al., 2000; Funch et al., 2008). As a recurring process during 
the life time of the feeding stage, the buccal funnel and gut are replaced by new structures 
that emerge from the most proximal region of the trunk. The new head and gut develop 
from embryonic cells by a process that has been described as internal budding. This 
regenerative process is repeated several times during the life time of the feeding stage and 
seems to be related to the generation and liberation of free swimming life cycle stages from 
the inside of its trunk (Funch & Kristensen, 1997; Kristensen, 2002). 
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Various other life cycle stages of Symbion pandora were discovered from Norway 
lobsters collected in the Faroe Islands as late as in the 1990’s. This is the case of the 
Pandora larva, the female and the Prometheus larva. The Pandora larva was first observed 
within a brood chamber during its asexual development inside the trunk of the feeding 
stage (Funch and Kristensen, 1995, 1997). The outer morphology of this larval stage is 
characterized by an antero-ventral ciliated field and a posterior ciliated tuft. In addition, a 
ciliated buccal funnel is located posteriorly inside the larval body. Once escaped from the 
feeding stage, the Pandora larva crawls around and settles on the mouthparts of the host in 
order to develop into a new feeding individual. Interestingly, this larva settles with the 
anterior region of the body down, using adhesive glands, and the buccal funnel protrudes 
from the posterior region of its body. The anterior-posterior axis of the Pandora larva is 
thus inverted during its development into a feeding stage, which completes the asexual part 
of the life cycle. 
The sessile feeding stage was always thought to be the cycliophoran female. Only 
in 1993, observations on old feeding individuals with a thick, wrinkled cuticle showed 
brooding chambers containing the true females (Funch and Kristensen, 1997). Although 
the external morphology of the female is very similar to that of the Pandora larva, the 
former possesses a large oocyte inside its body instead of a buccal funnel. Once free, the 
female settles down with the anterior end of the body. Only the adhesive disc and the 
cuticle persist to form a cyst-like structure inside of which the embryo develops into the 
chordoid larva (Funch, 1996). As stated above, the process how and when the fertilization 
of the oocyte occurs is yet to be unveiled. 
 
 
Fig. 1.1. Proposed life cycle of cycliophorans (from Obst and Funch, 2003; after Kristensen, 2002). The 
chordoid larva settles on a new host and develops into a feeding stage (1–5). The young feeding stage does 
not reproduce, but regenerates its feeding structures from internal budding cells (6–8). A larger, older feeding 
stage regenerates the feeding structures and produces a Pandora larva asexually (9). The Pandora larva 
escapes (10–11) and settles close to the maternal individual, developing into a new feeding stage (3–4). 
Later, older feeding stages are able to produce either a female (12) or a Prometheus larva (13). Once freed, 
the Prometheus larva (14) attaches on a feeding stage (15) and generates inside one to three dwarf males. 
Probably after escaping from the maternal individual, the female is impregnated by the dwarf male (16-18) 
and settles on the mouthparts (19–20). The embryo develops into a chordoid larva (21–22), which escapes to 
colonize a new host (23). 
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As the Pandora larva and the female, the Prometheus larva broods inside a maternal 
feeding individual. This stage was originally regarded as the free mature male, and only in 
2003 an extremely reduced dwarf male had been recognized as a free swimming, 
independent stage (Obst and Funch, 2003). This explained why the “male” escaping from 
the feeding individual had no penial structures or spermatozoa, which are observed in 
individuals already settled on the trunk of a feeding stage. Each dwarf male developed 
internally by the attached Prometheus larva is heavily ciliated and possesses a cerebral 
ganglion of relatively large size with respect to its entire body volume. 
 An important piece to complete the sexual part of the puzzling cycliophoran life 
cycle was the chordoid larva. This larval stage was presented swimming freely to several 
scientists who interpreted it as a platyhelminth due to the chordoid tissue present in its 
body. Only after detailed ultrastructural studies the chordoid larva was recognized as a 
cycliophoran larval stage and interpreted as a modified trochophore (Funch, 1996). The 
chordoid larva is mainly characterized by a ventral chordoid organ that spans along the 
entire length of the body, a posterior foot, two anterior ciliated bands, and ventral and 
posterior ciliated fields. Furthermore, it is the only cycliophoran form with excretory 
organs, namely a pair of protonephridia. Contrary to the Pandora larva, the main sensory 
structures of the chordoid larva are a pair of dorsal ciliated organs.  
 The existence of the various cycliophoran life cycle stages and their respective life 
history was confirmed in 2006 by the description of the second species; Symbion 
americanus (cf. Obst et al., 2006). Up to now, the gross morphology of all life cycle stages 
from both species were studied by light and scanning electron microscopy, however, not 
all have been investigated under the fine ultrastructural level (Funch, 1996; Funch and 
Kristensen, 1997; Obst and Funch, 2003; Obst et al., 2006). Furthermore, prior to 2006 
immunocytochemical data is restricted to the chordoid larva of Symbion pandora (see 
Wanninger, 2005).  
 
 
1.2 Thesis objectives 
 
Fifteen years after its original description, the Phylum Cycliophora remains 
enigmatic. The controversy on the placement of this phylum in the phylogenetic tree of 
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metazoans may only be attenuated by intense research at different levels such as 
morphological, ultrastructural, ecological and molecular studies. Furthermore, a 
comprehensive knowledge about these animals is absolutely necessary to help fully 
understanding the metazoan tree of life itself, which is continuously under debate. 
Therefore, the aim of this dissertation is to provide new data on the morphology and 
ultrastructure of cycliophorans, as well as to add some more details on their complex life 
cycle. In order to achieve these objectives, I have used a combination of techniques as 
varied as immunocytochemistry, confocal laser scanning microscopy and 3D 
reconstruction software, transmission and scanning electron microscopy, and in vivo 
observations with light and stereo microscopy. The results obtained during this 4-year 
project are disposed in the following chapters as listed below:  
 
a. Chapters 2 and 3 provide a description of the cycliophoran myoanatomy. The 
musculature of various life cycle stages of Symbion americanus is described in 
Chapter 2, while Chapter 3 focus on S. pandora and gives a comparison between 
the two cycliophoran species.  
b. In Chapters 4 and 5 the nervous system of the various life cycle stages is evaluated 
in terms of distribution of immunoreactive molecules. The relative distribution of 
synapsin, RFamide-like immunoreactivity, and serotonin is described in the 
nervous system of the chordoid larva of S. pandora (Chapter 4). In S. americanus, 
serotonin immunoreactivity is studied in the Pandora larva, the Prometheus larva 
and the dwarf male (Chapter 5).  
c. The complexity of the cycliophoran dwarf male is analyzed at the ultrastructural 
and morphological level in Chapters 6 and 7, which give also a comparison 
between the two cycliophoran species. 
d. Chapter 8 provides an ultrastructural and morphological study of the cycliophoran 
female. 
e. The only known cycliophoran excretory organ is described in Chapter 9, in which 
the protonephridium of the chordoid larva of S. pandora is analyzed 
ultrastructurally. 
f. Chapter 10 is a study on the life cycle of S. pandora. In this chapter, the question 
on what induces sexuality in cycliophorans is investigated. 
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g. Finally, Chapter 11 provides a summary of the main results and conclusions as well 
as objectives of future research.   
 
 Six of the aforementioned chapters are published, while one is under review. The 
corresponding complete reference is therefore provided in the beginning of these chapters. 
Additionally, two chapters are manuscripts in preparation wherein a list of the co-authors is 
included. Several readings of this thesis are possible because chapters 2 – 10 are mostly 
self contained and independent. 
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Three-dimensional reconstruction of the musculature of 
various life cycle stages of the cycliophoran Symbion 
americanus 
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ABSTRACT Cycliophora is a very recently described phylum of acoelomate metazoans 
with a complex life cycle and a phylogenetic position that has been under debate ever since 
its discovery in 1995. Symbion americanus, which lives attached to the mouthparts of the 
American lobster, Homarus americanus, represents the second species described for the 
phylum. Aiming to increase the morphological knowledge about this cryptic clade, the 
present study describes the muscle arrangement of the feeding stage, the attached 
Prometheus larva with the dwarf male inside, the free living male, the Pandora larva, and 
the chordoid larva of S. americanus using actin staining and confocal laser scanning 
microscopy. 3D reconstructions of the muscular systems are presented. In the feeding 
stage, circular muscles compose the buccal funnel aperture. In addition, a pair of muscles 
runs longitudinally in the buccal funnel. A complex sphincter was found just proximally to 
the anus, and six longitudinal muscles run from the trunk constriction (“neck”) in basal 
direction. The musculature of the larval stages and the dwarf male is very complex and 
includes longitudinal muscles that run dorsally and ventrally. In addition, we found dorso-
ventral muscles. The male has a complex posterior muscle apparatus in the vicinity of the 
penis. In this stage, X- and V-shaped structures were identified on the dorsal and the 
ventral side, respectively. Pandora and chordoid larvae possess additional circular muscles. 
We discuss our findings with respect to muscle elements of other metazoan groups and the 
chordoid larva of Symbion pandora. 
 
KEYWORDS: confocal microscopy, phallacidin, body plan, evolution, phylogeny, 
Spiralia, Lophotrochozoa. 
 
 
 
 
 
 
 
Ricardo C. Neves, Reinhardt M. Kristensen & Andreas Wanninger (2009). Three-
dimensional reconstruction of the musculature of various life cycle stages of the 
cycliophoran Symbion americanus. Journal of Morphology 270:257–270. 
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2.1 INTRODUCTION 
 
Cycliophora is a recently erected metazoan phylum with a complex life cycle 
consisting of an asexual and a sexual generation (metagenesis) (Funch and Kristensen, 
1995, 1997; Kristensen, 2002). Cycliophorans were first found on the Norway lobster, 
Nephrops norvegicus Linnaeus, 1758, where the feeding stages of Symbion pandora Funch 
and Kristensen, 1995, live attached to the mouthparts, filtering small food particles (Funch 
and Kristensen, 1995; Riisgård et al., 2000). Feeding individuals produce different stages 
by a budding process that takes place in a brooding chamber (Obst and Funch, 2003). A 
single feeding stage is able to produce, one at a time, three of the free-living stages: the 
Pandora larva, the Prometheus larva, and the female. The Pandora larva produces asexually 
a new feeding stage that settles very close to the maternal individual on the same host 
specimen, whereas the free Prometheus larva settles on a feeding stage and develops dwarf 
males by internal budding. The fertilized female settles very close to the maternal feeding 
stage individual and its adhesive disc and cuticle persist to form a cyst, inside which the 
chordoid larva develops. After the hatching process, the chordoid larva settles on a new 
host, forming a new feeding stage by internal budding (Funch, 1996; Kristensen, 2002). 
According to Funch and Kristensen (1997), multiciliated and myoepithelial cells 
alternate radially in the mouth ring of the feeding stage, and the latter form a peripheral 
and a central sphincter muscle. The sphincter muscles are involved in the closing 
(contraction of the ciliated mouth ring) and opening of the mouth during feeding (Funch 
and Kristensen, 1997). Besides this behavior, only a nodding movement of the buccal 
funnel has been recorded so far. This movement is probably possible due to the long 
muscle fibers running longitudinally in the body trunk. Until now, no muscles have been 
observed in the stalk or attachment disc (Funch and Kristensen, 1995).  
In the chordoid larva, the ventrally located chordoid organ extends along the entire 
body length and is composed of up to 50 distinct muscular units (see Funch, 1996; 
Wanninger, 2005). Longitudinal muscles are known to attach dorso- and ventrolaterally to 
the chordoid organ. In addition, lateral, circular, and dorsoventral muscles were identified 
(Funch, 1996; Funch and Kristensen, 1997; Wanninger, 2005). Dorsoventral muscles, 
enclosing dwarf males, have also been found along the entire body axis of attached 
Prometheus larvae. In the dwarf male, ventrolateral and dorsomedial longitudinal muscles, 
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as well as additional dorsoventral and transversal muscles, were identified (Obst and 
Funch, 2003). According to Funch and Kristensen (1997), all free-swimming forms have 
between four and eight longitudinal muscles, and a circular muscle was proposed to be 
responsible for the constriction in the middle of the body of the Pandora larva.  
Concerning the phylogenetic placement of Cycliophora, it was originally suggested 
that the phylum has affinities to Entoprocta and Ectoprocta (Funch and Kristensen, 1995). 
However, this issue is still widely debated and several studies suggest relationships to 
either gnathiferan taxa (Winnepenninckx et al., 1998; Giribet et al., 2000; Peterson and 
Eernisse, 2001; Zrzavý et al., 2001; Zrzavý, 2002; Giribet et al., 2004) or to Entoprocta 
alone (Zrzavý et al., 1998; Sørensen et al., 2000; Obst, 2003; Passamaneck and Halanych, 
2006). Further details on the morphology of all life cycle stages are necessary for a better 
understanding of the phylogenetic position of this enigmatic phylum.  
Symbion americanus Obst et al., 2006 is only the second species described for 
Cycliophora and lives attached to the mouthparts of the American lobster, Homarus 
americanus H. Milne-Edwards, 1837 (Obst et al., 2006). The Prometheus larva of S. 
americanus exhibits a posterior pair of retractable tubular appendages, named “toes”, 
which were not observed in the first described species, S. pandora. Furthermore, deep, 
ring-like scars in the cuticle of the trunk of the feeding stages were found (Obst et al., 
2006). However, feeding stages with transverse wrinkles as formerly described for S. 
pandora were also observed in S. americanus (Obst et al., 2006). This finding suggested 
the possible existence of cryptic species, which was recently corroborated by molecular 
phylogenetic analyses (Baker and Giribet, 2007; Baker et al., 2007).  
To date, only the chordoid larva of S. pandora has been investigated at the 
immunocytochemical level using confocal laser scanning microscopy (CLSM) 
(Wanninger, 2005). The anatomy of the serotonin- and FMRFamide-immunoreactive 
nervous system of the chordoid larva of S. pandora was revealed by antibody labeling, and 
the muscle anatomy was described applying fluorescence coupled phalloidin staining. In 
the study presented herein, the muscular organization of the feeding stage, the attached 
Prometheus larva with the fully developed dwarf male inside, the free living dwarf male, 
the Pandora larva, and the chordoid larva of S. americanus are described based on 
fluorescence labeling of F-actin and 3D reconstruction based on CLSM image stacks. The 
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results are compared with data on the muscle anatomy of S. pandora (cf. Wanninger, 2005) 
and other protostome phyla. 
 
 
2.2 MATERIALS AND METHODS 
 
Animals and Fixation 
Specimens of the American lobster, Hommarus americanus, were collected from 
Maine (USA) by local fishermen between October 1st and 15th, 2006. Mouthparts from 
the lobsters with several attached individuals of S. americanus were dissected from the 
hosts and placed in Petri dishes with seawater. During the following 2–4 days, seawater 
was replaced several times to prevent bacterial or fungal infection. The feeding stages were 
narcotized by adding drops of a 7% MgCl2 solution and fixed for 2 h at room temperature 
in 4% paraformaldehyde (PFA) in 0.1 M PBS. Larval stages, found swimming in the Petri 
dishes and caught with a fine Pasteur pipette, were narcotized and subsequently fixed for 
1–1.5 h. After that all specimens were washed 3 × 15 min in PBS containing 0.1% sodium 
azide (NaN3) and stored at 48C (see Wanninger, 2005). 
 
FITC-Coupled Phallacidin Staining 
To visualize the musculature of the feeding stages, some of them with attached 
Prometheus larvae, the methods applied were modified after Wanninger (2005). Several 
PFA-fixed and stored specimens were washed 3 × 15 min in 0.1 M PBS and permeabilized 
for 24 h at room temperature in 0.1 M PBS containing 5% Triton X-100 (PBT). After this, 
the specimens were stained at 48ºC for 24 h in a 1:40 dilution of Bodipy FL FITC-coupled 
phallacidin (Molecular Probes, Eugene, OR) in PBT. Some dwarf males were squeezed out 
of the attached Prometheus larvae and were investigated individually without the 
surrounding larval tissue. Chordoid and Pandora larvae were permeabilized for 2 h at room 
temperature in PBT containing 0.2% Triton X-100 and stained for 2 h (room temperature) 
with the same phallacidin concentration as for the feeding stages. Finally, the stained 
samples were washed in PBS (3 × 15 min) and mounted in Vecta Shield antifade mounting 
medium (Vector Laboratories, Burlingame, CA) on glass slides. 
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Confocal Laser Scanning Microscopy (CLSM) and 3D Reconstruction  
All fluorescence preparations were analyzed using a Leica DM IRBE microscope 
equipped with a Leica TCS SP2 confocal laser scanning unit. For the 3D computer 
reconstructions, the image stacks obtained by CLSM were processed with the image 
editing software Imaris v. 4.1 (Bitplane AG, Zürich, Switzerland) on a PC (processor: Intel 
Xeon 3.8 GHz, RAM: 8 GB, graphic card: NVIDIA GeForce 7900 GTX, operating 
system: Windows XP Professional 3 64 Edition). Figure plates were assembled using 
Adobe Photoshop 8.0 (San Jose, CA) imaging software. 
 
2.3 RESULTS 
 
Gross Anatomy of the Life Cycle Stages of Symbion americanus 
All specimens studied herein were observed under the light microscope and are 
anatomically in accordance with the original description of S. americanus (see Obst et al., 
2006). The feeding stage has a body mainly divided in an anterior buccal funnel and an 
oval trunk (Fig. 2.1A). The chordoid larva has a unique chordoid organ, which bends 
ventrally and runs along the entire anterior-posterior body axis (Fig. 2.1B). Anterior, 
ventral, and posterior fields of cilia are visible in the chordoid larva. In the dwarf male, the 
penial structure occupies a ventroposterior position (Fig. 2.1C). Finally, in the Pandora 
larva, a buccal funnel of the newly developing feeding stage is possible to observe more 
posteriorly (Fig. 2.1D). In the dwarf male and in the Pandora larva shown in Figure 1, it is 
possible to observe an anterior and a ventral field of cilia. 
 
Musculature of the Feeding Stage 
The sessile stage has a heavily stained ring musculature in the buccal funnel, which 
is contracted in all specimens presented herein, with the muscle cells disposed circularly 
and below the ciliated ring like a large short tube with a wider base and top (Fig. 2.2A). A 
pair of longitudinal muscles is also present in the buccal funnel (Fig. 2.2A,B,D,F). These 
muscles are situated opposite to each other and connect the base to the median region of 
the buccal funnel, terminating distally in an antler-like shape (Fig. 2.2B). The walls of the 
U-shaped gut are very distinct, both in the ascending and descending part, and some coiled  
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Fig. 2.1 Symbion americanus. LM. Anterior faces left in all aspects except for A, in which it faces upwards. 
A: Feeding stages attached on a seta (asterisk) of the host’s mouthparts. Note that both buccal funnels are 
closed, as in all the other specimens shown herein. B: Chordoid larva in lateral view. C: Dwarf male in 
ventral view. D: Pandora larva in ventral view. ac, anterior ciliated field; ap, attached Prometheus larva; bf, 
buccal funnel; ch, chordoid larva; fo, foot; pc, posterior ciliated field; pe, penis; tr, trunk; vc, ventral ciliated 
field. Scale bars: 25 μm for A and C, 50 μm for B and D. 
 
muscle fibers are visible in the ascending portion of the gut wall (Fig. 2.2A,D,E). In 
addition, a heavily stained muscular system is obvious near the buccal funnel constriction 
just proximal to the anus. The shape of that sphincter muscle (Fig. 2.2A,E) is more or less 
oval, wider at the basal end, and it is possible to distinguish individual circular muscle 
fibers in the hindgut (Fig. 2.2A). These fibers are crossed by two other myocytes running 
longitudinally to this organ. The outermost muscle system in the trunk is formed by six 
longitudinal muscles, which surround the body and run from the area under the trunk 
constriction (“neck”) until about two-thirds of its length (Fig. 2.2A,D,E,F). These fibers are 
posteriorly narrowed, becoming thinner at the basal end, and three of them are located on 
the left side of the body, whereas the other three are located on the right side. 
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Two of these longitudinal fibers in the trunk start closer to the gut than the other four (Fig. 
2.2A,F). 
In some feeding stages, it is possible to observe a new buccal funnel and gut, at 
different developing stages, being formed inside the trunk (Fig. 2.2C,D,E). Moreover, 
several individuals contained a newly developing life cycle stage, the nature of which was 
not possible to identify in any of the specimens (Fig. 2.2C,D,E). However, only the 
Pandora larva, the Prometheus larva, and the female are known to be produced by a 
feeding stage. Because female cycliophorans contain a large oocyte internally and the 
Prometheus larva of S. americanus possesses a prominent pair of posterior toes, newly 
forming stages are most probably Pandora larvae in which the buccal funnel has not yet 
been formed.  
 
Musculature of the Chordoid Larva 
The musculature of the chordoid larva of S. americanus includes the chordoid 
organ, which is composed of several subunits and runs ventrally along the entire length of 
the larval body (Figs. 2.3 and 2.4). The chordoid organ is curved ventrally and is the most 
heavily stained muscular structure (Figs. 2.3A,C,D and 2.4A). In some of the specimens 
observed, the number of subunits was 47, but in others it was 48. Circular muscles 
 
 
Fig. 2.2. Body musculature of the feeding stage of Symbion americanus visualized by FITC-coupled 
phallacidin staining and CLSM (A-E) and by 3D imaging (F), respectively. Distal faces upwards in all 
aspects. A: Note the heavy muscular arrangement along the gut and the anal constriction apparatus (sphincter 
muscle). B: Close-up of the buccal funnel, and detail of the antlershaped longitudinal muscles in the buccal 
funnel. C: Specimen with a new buccal funnel inside and a new stage located distaly, probably during the 
escaping process. D: Specimen with a newly developing buccal funnel and life cycle stage. E: Specimen with 
a newly developing buccal funnel and life cycle stage, which is apparently different from that in the previous 
image. F: 3D reconstruction of the specimen shown in A. Color code: ring musculature, green; longitudinal 
muscles of the buccal funnel, yellow; gut musculature, red; trunk longitudinal muscles, blue. *, anal sphincter 
apparatus; bm, buccal funnel longitudinal muscles; bm2, buccal funnel longitudinal muscles of the newly 
forming buccal funnel; gm, coiled fibers of the gut muscles; gm2, coiled fibers of the gut muscles of the 
newly forming buccal funnel; ns, newly forming life cycle stage; rm, ring musculature; rm2, ring musculature 
of the newly forming buccal funnel; se, host seta; tm, trunk longitudinal muscles. Scale bars: 50 μm, except 
for B. 
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Fig. 2.3. Muscle staining of four specimens of the chordoid larva of Symbion americanus visualized by 
FITC-coupled phallacidin staining and CLSM. Anterior faces left in all aspects. A: Lateral view. B: Dorsal 
view. C: Ventral view. D: Ventro-lateral view. Note especially the strong muscular chordoid organ, ventrally 
curved and running along the entire body length. cm, circular muscles; ch, chordoid organ; dl, dorso-lateral 
muscles; dm, dorso-median muscles; dv, dorso-ventral muscles (also indicated with arrowheads); ld, lateral 
dorso-ventral muscles; lm, lateral muscles; om, oblique muscles; pt, posterior tranversal muscle; sm, short 
anterior muscles; va1–2, ventral anterior muscles; vl, ventro-lateral muscles. Scale bars: 50 μm. 
 
organized in six subunits on both sides of the larva form the outermost elements of the 
body wall muscles (Figs. 2.3A,C and 2.4A). Surrounding the entire body, the most anterior 
subunit of circular muscles consists of only one muscle fiber, whereas the other subunits 
comprise more: in the three subsequent subunits there are three muscle bands, whereas the 
most posterior two subunits are composed of four circular muscles each.  
The larval musculature includes several pairs of longitudinal muscle fibers that are 
situated on both sides of the larva (Fig. 2.3A–C). We found two pairs of ventro-lateral 
muscles, which run longitudinally and emerge from the posteriormost part of the chordoid 
organ (Fig. 2.3A,C,D). The outermost pair eventually terminates in the anterior region of 
the body, whereas the more median pair is shorter in length (Fig. 2.3C). 
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Two pairs of dorsal muscles, the dorso-median and the dorso-lateral muscles, 
respectively, start posteriorly but emerge from different sites (Figs. 2.3A,B and 2.4B). The 
dorso-median pair inserts at the chordoid organ anteriorly to the dorso-lateral pair. Both 
pairs are connected ventrally to the chordoid organ, and run longitudinally into the anterior 
part of the body. Two pairs of short, thin fibers branch from the posteriormost portion of 
the dorso-median pair and run dorsally. 
Two pairs of lateral longitudinal muscles originate ventrally in the posterior part of 
the larval body (Figs. 2.3A,B and 2.4A). The outermost pair of these muscles emerges 
close to the posterior end of the chordoid organ and inserts in the anterior region of the 
larval body. The innermost pair is connected to the posterior end of the chordoid organ and 
to a short muscle fiber, which in turn is connected to the anterior part of the chordoid organ 
(Fig. 2.3A). This short anterior muscle starts laterally and curves posteriorly. A posterior 
transversal muscle crosses the lateral muscles in the rear part of the larva (Fig. 2.3A,B). 
This posterior transversal muscle is ventrally curved and forms an arching structure, which 
is situated posteriorly to the insertion sites of the dorsal muscles. 
Four sets of dorso-ventral muscles are distributed along the chordoid organ (Figs. 
2.3B and 2.4B). The most anterior set is a pair of fibers that has branched ends and crosses 
the chordoid organ (Figs. 2.3A,B and 2.4A). The second set is ventrally connected to the 
chordoid organ and is composed of five fan-like arranged fibers that insert in the dorsal 
region (Fig. 2.3B). In this set, the fiber located in the middle is connected more anteriorly 
to the chordoid organ than are the other four fibers. The third and fourth sets are also 
paired muscle fibers (Fig. 2.3B,D). In the third one, each muscle fiber connects to the 
central dorsal muscle fiber of the same side. The fourth set is also connected to the central 
pair of longitudinal dorsal muscles, but each dorso-ventral fiber branches, thereby 
connecting to both dorsal central fibers. An additional pair of dorso-ventral muscles is 
situated laterally to the second set (Figs. 2.3A and 2.4A), and three pairs of oblique 
muscles are situated laterally to the sets of dorso-ventral muscles (Fig. 2.3A,D). All the 
oblique muscles and the additional pair of dorso-ventral muscles are connected to the 
lateral muscles.  
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Fig. 2.4. 3D reconstruction of the musculature of the chordoid larva of Symbion americanus (A and B) and S. 
pandora (C and D). A and B are the same specimen as in Figure 2.3A. Anterior faces left in all aspects. A 
and C: Lateral views. B and D: Dorsal views. Color code: circular muscles, bright blue; chordoid organ, 
orange; dorsal muscles, brown; dorso-ventral muscles (including the lateral pair), green; lateral muscles, dark 
blue; oblique muscles, red; posterior tranversal muscle, bright green; short anterior muscles, dark brown; 
ventral anterior muscles, dark green; ventro-lateral muscles, yellow. Scale bars: 50 μm. 
 
Finally, two pairs of ventral anterior muscles that cross each other are found (Figs. 
2.3A,C and 2.4A,C,D). The anteriormost pair inserts at the chordoid organ in the same 
position of the first pair of dorso-ventral muscles and is laterally connected to both the first 
circular muscle and the anteriormost oblique muscle (Fig. 2.4A). The second pair of these 
ventral anterior muscles inserts at the chordoid organ more posteriorly than the other and is 
laterally connected to the lateral pair of dorso-ventral muscles and to the outermost ventro- 
lateral muscles.  
 
Musculature of the Pandora Larva 
The musculature of the Pandora larva of S. americanus includes several pairs of 
longitudinal muscle fibers that are situated on both sides of the larva (Figs. 2.5 and 2.6). A 
pair of ventro-lateral muscle fibers runs longitudinally, starting at the very anterior end of  
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Fig. 2.5. Muscle staining of four specimens of the Pandora larva of Symbion americanus visualized by FITC-
coupled phallacidin staining and CLSM. Anterior faces left in all aspects. A: Ventro-lateral view. B: Dorsal 
view. C: Ventral view (slightly flattened). D: Lateral view. Note the dorso-ventral muscles crossed ventrally 
and the new buccal funnel forming inside. cm, circular muscles; co, coiled muscle; dl1–2, dorso-lateral 
muscles; dv, dorso-ventral muscles (also indicated with arrowheads); nb, newly formed buccal funnel; sm, 
short anterior muscle; vl1–2, ventro-lateral muscles; vm, ventral longitudinal muscle. Scale bars: 50 μm. 
 
the larval body (Figs. 2.5A,C and 2.6B,C). After the first third of the larval body length, 
each muscle fiber curves inwards and extends into the posterior part of the body, where 
they meet each other posteriorly and medially. Another ventro-lateral muscle fiber emerges 
close to the former one, but not in the very anterior end of the larval body (Figs. 2.5A and 
2.6A). It extends and curves ventrally, producing a posterior arch. A thinner, shorter 
ventral paired muscle (vm) runs longitudinally into the first half of the body and in a more 
median position relative to the latero-ventral muscles (Figs. 2.5A,D and 2.6A). 
Dorso-lateral longitudinal muscles emerge from the anterior region of the larval 
body (Figs. 2.5A,B,D and 2.6A–C). The arrangement of these muscles is particularly 
complex in the anterior part, where the innermost of two dorso-lateral muscle fibers cross 
another, short anterior muscle fiber. This innermost pair of the dorso-lateral muscles spans 
into the anterior third of the body where they bend medially (Fig. 2.5B). In some 
specimens, the ends of both fibers of this pair are connected to each other centrally.  
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Fig. 2.6. 3D reconstruction of the musculature of the Pandora larva of Symbion americanus. Same specimen 
as in Figure 2.5A. Anterior faces left in all aspects. A: Lateral view. B: Dorsal view. C: Ventral view. Color 
code: circular muscles, yellow; dorso-lateral muscles and short anterior muscle, red; dorso-ventral muscles, 
green; helicoid muscle, orange; ventral longitudinal muscles, light blue; ventro-lateral muscles, dark blue. 
Scale bars: 50 μm. 
 
Concerning the outermost pair, each muscle fiber elongates towards the dorsomedian 
region of the larval body, crosses the opposing fiber and extends further into posterior 
direction. These fibers have branched posterior ends (Figs. 2.5A and 2.6B,C).  
Eight circular muscles of different length, and with branched ends, are present on 
both sides of the larva (Figs. 2.5A,D and 2.6A). These circular muscles are located inside 
of the ventral longitudinal muscles and are arranged perpendicularly to these. Four pairs of 
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crossed dorso-ventral muscles are located in the anterior third of the larval body (Figs. 
2.5B,D and 2.6A). The first pair is ventrally connected to the innermost ventral muscle and 
inserts dorsally at the anterior short muscle. The second and third pairs are grouped 
together and, as the fourth pair, are connected to the dorsal longitudinal muscles and 
eventually insert in the ventral region of the larval body. In addition, a fifth pair of dorso-
ventral muscles is located anteriorly with both fibers occupying a lateral position relatively 
to the first pair of the intercrossing dorso-ventral muscles. Each fiber is dorsally connected 
to the dorsal muscles and ventrally to the two innermost pairs of ventral muscles. 
A thin coiled muscle starts near the crossing point of the dorsal muscles (Figs. 
2.5A,C and 2.6A–C). The helicoid muscle runs dorsally and in a ventral direction of the 
anterior half of the larval body. It connects to the most posterior pair of dorso-ventral 
muscles. In almost all specimens observed, the new buccal funnel could be identified 
inside the Pandora larva (Fig. 2.5B,C). The location of this new buccal funnel is always 
posterior and ventral to the crossing point of the more elongated pair of dorso-lateral 
muscles.  
 
Musculature of the Attached Prometheus Larva and the Free Living Dwarf Male 
The musculature of the attached Prometheus larva (Fig. 2.7A,C) is composed of 
only two pairs of large longitudinal muscles with branched extremities – one dorsal and 
one lateral muscle (Fig. 2.7B,D). These appear to encircle the newly forming dwarf 
male(s) located inside the Prometheus larvae and occupy the posterior region of the body 
of the attached Prometheus larva (Fig. 2.7E,F). It should be noted that the Prometheus 
larva attaches to the feeding stage with its anterior end and the toes may be seen at its 
posterior end (Fig. 2.7C).  
The musculature of the fully developed dwarf male includes several pairs of 
longitudinal muscle fibers that are situated on both sides of the body (see Fig. 2.8). Two 
pairs of dorsal muscles cross each other. This crossing point is located about two-thirds 
along the anterior-posterior body axis (Fig. 2.8C,E). Thus, an X-shaped structure is formed 
with the anterior arms of the X being longer than the posterior ones. Ventrally, the  
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Fig. 2.7. Body musculature of two specimens of the attached Prometheus larva of Symbion americanus 
visualized by light micrographs (A and C), FITC-coupled phallacidin staining and CLSM (B and D, B is the 
same specimen as in A), and 3D imaging (E and F, the same specimen as in A). Anterior faces downwards in 
all aspects except for F, which is a frontal view. A, B: Dorsal view. C, D: Lateral view. Note the strong 
muscular components in the larval form encircling the two dwarf males brooded inside. E: 3D reconstruction 
of the specimen shown in A. F: Frontal view of the same 3D reconstruction as in E. Color code: musculature 
of the Prometheus larva, yellow; male muscles, blue. ap, attached Prometheus larva; bf, buccal funnel; dm, 
dorsal longitudinal muscles; lm, lateral longitudinal muscles; nd, newly forming dwarf male; to, toe; tr, trunk. 
Scale bars: 25 μm. 
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outermost muscles consist of two pairs of ventro-lateral muscles running longitudinally 
along the entire body length, curving laterally (Fig. 2.8A,F). The innermost pair is thinner 
but longer than the other pair. In the outermost pair the posterior ends of the fibers split in 
two. In a more internal position, another pair of ventral muscles is present, forming a V-
shaped structure that is located in the anterior third of the male body (Fig. 2.8A,F). The 
merging point of both fibers is located anteriorly. 
A pair of horseshoe-shaped fibers forms the most posterior muscles (Fig. 2.8D,E). 
Because the open sides of both horseshoe-shaped fibers face each other, an oval structure 
results from this arrangement. In the posterior part of the male body, three short, thick 
muscles cross each other and the horseshoe-shaped muscles, and connect to the ventro-
lateral muscles (Fig. 2.8B–F). Because the outermost longitudinal ventral fiber splits 
posteriorly into two, each short muscle only connects to one of the ends of the ventro-
lateral muscles. An additional short posterior muscle connects the horseshoe-shaped 
muscles and the X-shaped structure dorsally (Fig. 2.8C,D). 
Three pairs of dorso-ventrally intercrossing muscle fibers with branched ends are 
found medially along the entire body length. The most anterior pair connects dorsally and 
ventrally to the X- and V-shaped structures, respectively. The two others are connected 
dorsally to the X-shaped structure and eventually insert ventrally in the male body. 
Laterally to the most posterior pair of dorso-ventral muscles, there are three other pairs of 
dorso-ventral muscles with ramified branching ends, eventually inserting dorsally and 
ventrally in the male body. Finally, two additional pairs of dorso-ventral muscles are 
observed, which are connected ventrally to the posterior pole of the V-shaped structure and 
eventually insert dorsally in the male body (Fig. 2.8B,E,F).  
 
 
2.4 DISCUSSION 
 
Comparative Myoanatomy of Cycliophoran Feeding Stages 
Although the investigated life cycle stages present very distinct muscle 
organizations, some traits are present in more than one form, as, for example, longitudinal 
retractor muscles, dorsoventral muscles, and circular muscles. When compared with all  
 
The musculature of Symbion americanus   
28 
 
 
 
                                                            Chapter 2  
29 
free-living forms, the feeding stage presents the least complex body musculature 
arrangement.  
Prior to this study, the muscle arrangement of the feeding stage of S. pandora had 
been described based on light and transmission electron microscopy (TEM) (see Funch and 
Kristensen, 1997), and only a few details were known from the second described species, 
S. americanus (cf. Obst et al., 2006). The results obtained herein corroborate earlier 
descriptions of a strong musculature in the mouth aperture and show that the two described 
sphincters are interconnected, similar to the condition found in S. pandora. Concerning the 
descending part of the gut, only a sphincter muscle was mentioned marking the entrance of 
the esophagus in S. pandora, whereas the results obtained herein show a strong muscular 
wall present along the gut of S. americanus. Furthermore, earlier TEM-based studies on S. 
pandora did not reveal a gut musculature in the ascending part of the digestive system as 
observed in this study for S. americanus (cf. Funch and Kristensen, 1997). 
The existence of a “well-developed sphincter” near the anal aperture of the feeding 
stage of both described species had also been described earlier (Funch and Kristensen, 
1997; Obst et al., 2006). However, the results presented herein show a much more 
elaborated myoanatomy of the anal sphincter when compared to previous studies. 
Accordingly, more details on S. pandora using fluorescence labeling, CLSM, and 3D 
reconstruction techniques are necessary to allow in-depth comparison of the anal sphincter 
of both species.  
 
 
Fig. 2.8. Body musculature of three specimens of the dwarf male of Symbion americanus visualized by 
FITC-coupled phallacidin staining and CLSM (A–D) and by 3D imaging (E and F). Anterior faces left in all 
aspects except for D, in which it faces downwards. A: Ventral view. The dashed contour line indicates the 
relative position of the penis. B: Lateral view. C: Dorsal view. D: Dorso-lateral view (same specimen as in 
C). Note the strong muscular components on the posterior side and the several dorso-ventral muscles. E: 
Dorso-lateral view. F: Ventro-lateral view. The specimen in E and F is the same as in C. Color code: dorso-
ventral muscles, green; horseshoe-shaped and short posterior muscles, yellow; ventro-lateral muscles, bright 
blue; V-shaped muscles, dark blue; X-shaped muscle, red. dv, dorso-ventral muscles (also indicated with 
arrowheads); hs, horseshoe-shaped muscles; iv, innermost ventro-lateral muscle; ov, outermost ventro-lateral 
muscle; sm, posterior short muscles; vs, V-shaped ventral muscular structure; xs, X-shaped dorsal muscular 
structure. Scale bars: 25 μm. 
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In S. pandora, only one to two pairs of longitudinal muscles had been identified in 
the trunk, thus differing clearly from the situation found in S. americanus, which shows six 
fibers. Moreover, the two muscle fibers running longitudinally along the buccal funnel of 
the feeding stages of S. americanus seem to be lacking in S. pandora. 
 
Comparative Myoanatomy of Other Life Cycle Stages 
In addition to the data sets obtained in the course of the present study, CLSM stacks 
of the myoanatomy of the chordoid larva of S. pandora produced earlier (see Wanninger, 
2005) were analyzed using 3D imaging software (Fig. 2.4C,D). This new experimental 
approach revealed a myoanatomy much similar to that observed in S. americanus. 
However, we found one important difference related to the previous description of the 
chordoid larva of S. pandora; namely, that this species shows a posterior transversal 
muscle corresponding to the one described herein for S. americanus (cf. Wanninger, 2005).  
In the Pandora larva of S. pandora longitudinal muscles as well as circularly 
arranged muscle fibers were identified previously (see Funch and Kristensen, 1997). 
Dorso-ventral muscles in this larva are for the first time described herein for S. 
americanus. The circular muscles are distributed along the entire larval body length, and 
there is no evidence that the constriction observed in the middle of the body is formed by 
one of the circular fibers as was hypothesized before (Funch and Kristensen, 1997). 
In the dwarf male, the X- and V-shaped muscles are only known for S. americanus 
as described in this study. Previous TEM-based studies on S. pandora showed dorsal fibers 
running medially along the anterior-posterior axis, as well as only two pairs of fibers being 
present on the ventral side. In S. americanus, eight pairs of dorso-ventral muscle fibers 
were identified instead of five dorso-ventral and a transversal one as in S. pandora (see 
Obst and Funch, 2003).  
 
Symbion Muscle Anatomy and Functional Implications 
Slow movements of the buccal funnel of the feeding stage have been observed in 
both cycliophoran species (Funch and Kristensen, 1995; personal observations). In S. 
pandora, this behavior was suggested to be due to the trunk longitudinal muscles (see 
Funch and Kristensen, 1995). However, in S. americanus, the buccal funnel longitudinal 
muscles found during this study may also contribute to these movements.  
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In order to filter food particles resulting from the host’s feeding behavior, the 
feeding stages aggregate on exposed areas on the host’s mouth parts (Obst and Funch, 
2005). Because the feeding stage is responsible for internal generation of other life cycle 
stages (Funch and Kristensen, 1995), the longitudinal muscles may also act as mechanical 
protective barriers for the newly generated stages. Another possibility is that the 
longitudinal muscles in the trunk may have an additional role during the liberation of these 
stages, for example, the female, which escapes through the anal pore (Funch and 
Kristensen, 1997). While inside the attached Prometheus larva, the dwarf male is 
surrounded by muscle fibers from the Prometheus larva. Since no other muscles but those 
surrounding the developing males were found in the Prometheus larva, a mechanical 
protective role of these muscles appears to be possible.  
The strong, complex musculature in the hind part of the fully developed dwarf male 
suggests that the penis may function as a true copulatory organ during the fertilization 
process, which also argues in favor of a possible hypodermic insemination process (Funch 
and Kristensen, 1999). However, the described muscular structure may alternatively be 
used to keep the male anchored to the female, via a so-called cirrus organ (sensu Obst and 
Funch, 2003) instead of a penis, while the sperm is liberated from inside. Such a complex 
muscular arrangement seems to rule out the possibility that the male transfers sperm 
directly into the anal pore of the feeding stage before the female is freed (see Obst and 
Funch, 2003).  
A complex muscular arrangement including retractors, longitudinal and circular 
muscles, as well as dorso-ventral muscles are found both in the chordoid and in the 
Pandora larva. However, the chordoid organ is unique to the chordoid larva and gives the 
body full structural support and may aid in the swimming behavior (see Funch, 1996; 
Kristensen and Funch, 2002). Regarding the Pandora larva, the longitudinal muscles may 
occupy a functional role during settlement and the expelling process of the buccal funnel 
(see Funch and Kristensen, 1997). 
 
Phylogenetic Implications 
In this study, ventrally intercrossing dorso-ventral muscles are described for the 
first time for the Pandora larva of a cycliophoran species. This trait is also found in adult 
molluscs and larval entoprocts (Wanninger and Haszprunar, 2002b; Haszprunar and 
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Wanninger, 2007). However, in these taxa the dorsoventral muscular meshwork houses all 
major visceral organs, which is not the case in the Pandora larva of Symbion, where these 
muscles occupy a more central position. Accordingly, homology of these muscles is 
doubtful and their phylogenetic significance needs to be treated with care. Furthermore, it 
should be considered that incomplete circular body wall muscles have not yet been found 
in entoprocts (Wanninger, 2004; Fuchs et al., 2006), but are present in certain rotifers 
(Hochberg and Litvaitis, 2000; Sørensen et al., 2003; Santo et al., 2005; Sørensen, 2005; 
see also Wanninger, 2005).  
Longitudinal retractor muscles, as observed in all Cycliophora life cycle stages 
investigated in this study, are known from bryozoans (see Mukai et al., 1997), entoprocts 
(see Nielsen and Jespersen, 1997), and rotiferans (see Clément and Wurdak, 1991; 
Kotikova et al., 2001; Hochberg and Gurbuz, 2007), which all may share a closer 
relationship to Cycliophora (see above). However, many other taxa exhibit this trait, for 
example, Sipuncula (Wanninger et al., 2005), Kinorhyncha (Müller and Schmidt-Rhaesa, 
2003), Platyhelminthes (for review, see Tyler and Hooge, 2004), Annelida (Müller and 
Worsaae, 2006), Gnathostomulida (Müller and Sterrer, 2004), or various kinds of Mollusca 
(Wanninger et al., 1999, Haszprunar and Wanninger, 2000; Wanninger and Haszprunar, 
2002a,b).  
The similarities between the chordoid organ of the chordoid larva and organs of 
gastrotrichs of the genus Xenodasys and Chordodasiopsis (see Todaro et al., 2006) have 
been discussed earlier (Funch, 1996; Funch and Kristensen, 1997). However, these organs 
are probably not homologous because the structure found in gastrotrichs is located only 
posteriorly (see Figs. 6 and 11 of Rieger et al., 1974), whereas in the chordoid larva it runs 
longitudinally through the whole body length. Moreover, chordoid tissue is also known 
from Platyhelminthes, but in this case occupying an anterior position (e.g., Polystyliphora 
filum; see Ax, 1966). A mere chordoid-like epidermis is known, for example, from the 
posterior end of the turbelarian Cystiplex axi (see Ax, 1966).  
Generally, the comparison of individual aspects of the musculature of the life cycle 
stages of cycliophorans with those observed in other metazoan phyla does not permit any 
final conclusions about the phylogenetic placement of Cycliophora. It is known from 
previous studies (see Wanninger, 2005) that the overall myoanatomy of cycliophorans 
resembles that found in bdelloid rotifers (Brakenhoff, 1937; Hochberg and Litvaitis, 2000; 
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Santo, 2001). However, the muscle fibers’ insertion in the body integument is clearly 
different in cycliophorans and rotiferans (see Funch and Kristensen, 1997). Cycliophorans 
have a true cuticle to which the muscles are attached – through the epidermis – as observed 
in ecdysozoans (e.g., phylum Tardigrada; Kristensen, 1978), whereas rotiferans lack a true 
cuticle and the muscle cells attach to the epidermis (Clément and Wurdak, 1991; Ruppert, 
1991). In the future, our data on S. americanus and further analyses on the muscular 
architecture of gnathiferan taxa and entoprocts using TEM as well as 
immunocytochemistry in combination with CLSM and 3D imaging techniques should 
contribute to our understanding of the phylogenetic inter-relationships of these enigmatic 
taxa. 
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ABSTRACT The metazoan phylum Cycliophora includes small cryptic epibionts that live 
attached to the mouthparts of clawed lobsters. The life cycle is complex, with alternating 
sexual and asexual generations, and involves several sessile and free-living stages. So far, 
the morphological and genetic characterization of cycliophorans has been unable to clarify 
the phylogenetic position of the phylum. In this study, we add new details on the muscular 
anatomy of the feeding stage, the attached Prometheus larva, the dwarf male, and the 
female of one of the two hitherto described species, Symbion pandora. The musculature of 
the feeding stage is composed of myofibers that run longitudinally in the buccal funnel 
(two fibers) and in the trunk (variable number of fibers). The mouth opening is lined by a 
myoepithelial ring musculature. A complex myoepithelial sphincter is situated proximal to 
the anus. In the attached Prometheus larva, three longitudinal sets of myofilaments run 
dorsally, laterally, and ventrally along the entire anterior-posterior body axis. The muscular 
architecture of the dwarf male is complex, especially close to the penis, in the posterior 
part of the body. An X-shaped muscle structure is found on the dorsal side, whereas on the 
ventral side, longitudinal muscles and a V-shaped muscle structure are present. These 
muscles are complemented by additional dorsoventral muscles. The mesodermal muscle 
fibers attach to the cuticle via the epidermis in all life cycle stages studied herein. The 
musculature of the female is similar to that of the Pandora larva of Symbion americanus 
and includes dorsoventral muscles and longitudinal muscles that run in the dorsal and 
ventral body region. Overall, our results reveal striking similarities in the muscular 
arrangement of the life cycle stages of both Symbion species.  
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3.1 INTRODUCTION 
 
Originally found attached to the mouthparts of the Norwegian lobster, Nephrops 
norvegicus Linnaeus 1758, Cycliophora was recognized as a new phylum based on a 
number of apomorphies mostly related to the complex life cycle of its hitherto two 
described species, Symbion pandora and Symbion americanus (Funch and Kristensen, 
1995; Obst et al., 2006). Although still not fully understood, the life cycle of cycliophorans 
is known to be metagenetic, with alternation of an asexual and a sexual generation (Funch 
and Kristensen, 1995, 1997). Research on the several life cycle stages led to the description 
of one of the most complex life cycles known for metazoans. The feeding stages generate 
asexually several free-living stages, namely the Prometheus larva, the female, and the 
Pandora larva. Once freed, the Prometheus larva settles on a feeding stage and develops 
one to three dwarf males inside its body, whereas the fertilized female settles on the 
mouthparts of the same host but in lateral, sheltered areas (Obst and Funch, 2006). The 
adhesive disc and the cuticle of the fertilized female persist to form the chordoid cyst, but 
the embryo develops inside to generate the so-called chordoid larva. The chordoid larva 
hatches and settles on a new host, develops into a new feeding stage and thereby closes the 
sexual loop of the life cycle. Concerning the asexual part of the life cycle, the Pandora 
larva is freed from the feeding stage and settles on the same host close to the maternal 
individual, where it develops into a new feeding stage (Funch, 1996; Kristensen, 2002; 
Obst and Funch, 2003).  
The phylogenetic placement of Cycliophora has been debated ever since its 
description (Funch and Kristensen, 1995, 1997). Several researchers claimed a relationship 
to gnathiferan taxa (Winnepenninckx et al., 1998; Giribet et al., 2000; Peterson and 
Eernisse, 2001; Zrzavý et al., 2001; Zrzavý 2002; Giribet et al., 2004), whereas others 
related Cycliophora to Entoprocta (Zrzavý et al., 1998; Sørensen et al., 2000; Obst 2003; 
Passamaneck and Halanych, 2006). Given the inconsistencies of these studies, it seems 
crucial to add new data on the morphology of these cryptic animals to resolve their 
phylogenetic placement.  
The musculature of several life cycle stages of the species S. pandora has been 
described by transmission electron microscopy and immunocytochemical techniques 
(Funch, 1996; Funch and Kristensen, 1997; Obst and Funch, 2003; Wanninger, 2005). In 
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the buccal funnel of the feeding stage, multiciliated and myoepithelial cells alternate in the 
mouth ring. These myoepithelial cells form a peripheral and a central sphincter muscle. 
Long muscle fibers run longitudinally in the trunk, but no muscles have been observed in 
the stalk or attachment disc. A sphincter near the anal aperture is present (Funch and 
Kristensen, 1997). In the attached Prometheus larva, dorsoventral muscles have been found 
along the entire body axis, which enclose dwarf males that are generated inside (Funch and 
Kristensen, 1997). The musculature of the dwarf male consists of ventrolateral and 
dorsomedial longitudinal muscles, as well as dorsoventral and transversal muscles (Obst 
and Funch, 2003).  
New details on the musculature of the second described species, S. americanus, 
have recently become available (Neves et al., 2009). In the feeding stage, an additional pair 
of muscles runs longitudinally in the buccal funnel, and an elaborated and complex anal 
sphincter is located proximally to the anus. Moreover, six longitudinal muscles compose 
the outermost musculature of the trunk. The male has a complex posterior muscle 
apparatus in the vicinity of the penis, and the dorsal and the ventral muscle sets are X- and 
V-shaped, respectively.  
We describe the muscular organization of the feeding stage and the attached 
Prometheus larva with the fully developed dwarf male inside for S. pandora using 
transmission electron microscopy (TEM) and fluorescence labeling of F-actin in 
combination with confocal laser scanning microscopy (CLSM) and 3D reconstruction 
software. The results are compared with data on the myoanatomy of S. pandora (see 
Wanninger, 2005) and S. americanus (see Neves et al., 2009). 
 
 
3.2 MATERIALS AND METHODS 
 
Fluorescein Isothiocyanate-Coupled Phalloidin Staining 
Specimens of S. pandora from mouthparts of the Norway lobster, N. norvegicus, 
were collected in Portugal, off the coast of Peniche (March 15th, 2007) and Sagres 
(February 28th, 2008) by local fishermen. Mouthparts from the lobsters were dissected 
from the hosts and placed in Petri dishes with natural seawater. The attached feeding 
stages, some of them with attached Prometheus larvae, were narcotized by adding drops of 
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a 7% MgCl2 solution and fixed for 1 h at room temperature in 4% paraformaldehyde 
(PFA). Afterwards, all specimens were washed 3 × 15 min in PBS containing 0.1% sodium 
azide (NaN3) and stored at 4ºC. Preparation of feeding stages, attached Prometheus larvae 
with dwarf males inside their bodies, and chordoid cysts for muscle visualization followed 
that described by Wanninger (2005) and modified by Neves et al. (2009). Several stored 
specimens were washed 3 × 15 min in 0.1 mol l-1 PBS and subsequently permeabilized for 
24 h at room temperature in 0.1 mol l-1 PBS containing 5% Triton X-100 (PBT). The 
specimens were then stained at 48ºC for 24 h in a 1:40 dilution of Alexa Fluor 488-
conjugated phalloidin (Molecular Probes, Oregon, USA) in PBT. To investigate individual 
dwarf males, some were squeezed out of the attached Prometheus larvae. The stained 
samples were washed in PBS (3 × 15 min) and mounted in Fluoromount G antifade 
mounting medium (SouthernBiotech, Birmingham, USA) on glass slides. 
 
Confocal Laser Scanning Microscopy and 3D Reconstruction 
The total number of specimens investigated was 36 feeding stages, 10 of which 
with attached Prometheus larvae, 16 males, and six chordoid cysts. The fluorescence 
preparations were analyzed with a Leica DM IRBE microscope equipped with a Leica TCS 
SP2 confocal laser scanning unit. The resulting image stacks were processed with the 3D 
image editing software Imaris v. 5.7.2 (Bitplane AG, Zürich, Switzerland) on a PC 
(processor: Intel Xeon 3.8 GHz, RAM: 8 GB, graphic card: NVIDIA GeForce 7900 GTX, 
operating system: Windows XP Professional 364 Edition). The specimens embedded for 
CLSM were also studied using an Olympus BX51 microscope with phase-contrast and 
Nomarski DIC optics. Images of several specimens were taken using an Olympus C-3030 
digital camera. 
 
Transmission Electron Microscopy 
Feeding stages of S. pandora, some with attached Prometheus larvae belonging to 
the type material from Frederikshavn, North Kattegat (Denmark), Kaldbalk (Faroe 
Islands), and Kristineberg (Sweden) were fixed in trialdehyde in 0.1 mol l-1 sodium 
cacodylate buffer for 2 h at 20ºC. The trialdehyde consisted of 2.9% glutaraldehyde, 2.0% 
formaldehyde, 1.25% acrolein and 2.6% dimethyl sulfoxide (DMSO) in 0.1 mol l-1 sodium 
cacodylate buffer (pH 7.4; Kalt and Tandle, 1971; Lake, 1973). The specimens were then  
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postfixed in 1% osmiumtetroxide with 0.1 mol l-1 sodium cacodylate buffer for 1 h at 20ºC, 
dehydrated in an ethanol series, transferred to propylene oxide, and embedded in EPON 
812 (TAAB, Berkshire, UK). Ultrathin sections were cut on a Reichert OM 43 
ultramicrotome with diamond knives and stained with uranyl acetate and lead citrate. Four 
specimens were examined with a JEOL JEM-100SX transmission electron microscope. 
 
   Chapter 3 
45 
3.3 RESULTS 
 
Musculature of the Feeding Stage 
The body plan of this sessile stage consists of an anterior buccal funnel, an oval 
trunk, and a short stalk terminating in an attachment disk (Fig. 3.1A,D). A ring muscle, 
which is situated proximally to the ciliated ring, marks the entrance to the buccal funnel. 
The contracted ring muscle has a wide base and top, which are interconnected by a 
narrower tube-like mid-part (Fig. 3.1B,C,E,F). Also in the buccal funnel, a pair of thick, 
longitudinal, antler-shaped muscles is present (Fig. 3.1B,C,E,F). These muscles are 
connected to the base of the buccal funnel and show a branched distal end (Fig. 
3.1B,C,E,F). These buccal funnel longitudinal muscles are mesodermal and cross-striated 
and the composing fibers attach to the procuticle of the cuticle via the epidermis by means 
of double hemidesmosomes (Fig. 3.2A,B). This connective structure is composed of two 
hemidesmosomes facing each other, with a gap between them that is filled with 
extracellular material. Double hemidesmosomes were originally described from epithelial  
 
 
Fig. 3.1. Symbion pandora. Light micrographs of feeding stages with closed buccal funnels (A and D). Body 
musculature visualized by fluorescein isothiocyanate-coupled phalloidin staining and confocal laser scanning 
microscopy (B and E) and by 3D imaging (C and F). Distal faces upwards in all aspects. (A) Same specimen 
(from Peniche) as in B and C. Note that the buccal funnel is closed, as in D. (B) Note the new fully formed 
buccal funnel and the new gut structures in the proximal part of the trunk. (C) This specimen has five short 
and thick trunk longitudinal muscles. The attached Prometheus larva shows strong F-actin reactivity which 
suggests that more than one dwarf male is being developed inside. (D) Same specimen (from Sagres) as in E 
and F. (E) Specimen with eight trunk longitudinal muscles. The muscle fibers are longer and narrower than 
those found in the specimen shown in B. (F) Note that four of the trunk longitudinal muscles are closer to the 
gut than the four others. The scarce fluorescence signal from the attached Prometheus larva should in this 
case be related only to its own musculature and not from any developing male. Color code: ring musculature, 
green; longitudinal muscles of the buccal funnel, dark blue; gut musculature, red; trunk longitudinal muscles, 
yellow; ring musculature of the newly formed buccal funnel, light green; longitudinal muscles of the newly 
formed buccal funnel, light blue; newly formed gut musculature, pink; attached Prometheus larva, orange. ap, 
attached Prometheus larva; asterisk, anal sphincter apparatus; bm, buccal funnel longitudinal muscles; bm2, 
buccal funnel longitudinal muscles of the newly forming buccal funnel; bf, buccal funnel; bf2, newly formed 
buccal funnel; gm, coiled fibers of the gut muscles; gm2, coiled fibers of the gut muscles of the newly 
forming buccal funnel; rm, ring musculature; rm2, ring musculature of the newly forming buccal funnel; st, 
stalk; tm, trunk longitudinal muscles; tr, trunk. Scale bars: 50 μm. 
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tissue of rhesus monkeys (see Listgarten, 1974), though a two hemidesmosome structure is 
known from the myoepidermal junction in the heterotardigrade Batillipes noerrevangi (cf. 
Kristensen, 1978). 
The trunk musculature differed between specimens collected in Peniche (Fig. 3.1A) 
and Sagres (Fig. 3.1D). The specimens from Peniche had two to five thick, short 
longitudinal muscles that compose the outermost muscle system. These muscles run from 
the distalmost region of the trunk until approximately half of its length. However, the 
length of these longitudinal trunk muscles differs within a single specimen as well as 
between specimens. In specimens with a newly developed buccal funnel inside the trunk, 
the trunk longitudinal muscles do not run from the distalmost region of the trunk but from 
an area halfway of its length (Fig. 3.1B,C). In most specimens, two of the trunk 
longitudinal muscles start very close to the gut. The remaining muscles are arranged 
radially along the anterior-posterior axis of the trunk. In most of the observed specimens, 
trunk longitudinal muscles are branched at both ends (Fig. 3.1B,C). In the specimens from 
Sagres the number of trunk longitudinal muscles varies between four and eight and they 
appeared longer and thinner than those found in the specimens from Peniche (Fig. 3.1E,F). 
The trunk longitudinal muscle fibers are cross-striated and attach with double 
hemidesmosomes to the procuticle of the cuticle via the epidermis (Fig. 3.3A–C). 
The U-shaped digestive tract is lined by a distinct gut wall, and some coiled muscle 
fibers are present in the ascending branch (Fig. 3.1B,E). A sphincter muscle is located in 
the rectum proximally to the anus (Figs. 3.1B,C,E,F, 3.4A,B, and 3.5). This sphincter is 
composed of several (approx. 10) circular fibers and up to two longitudinal fibers, which 
cross the circular ones. Interestingly, some of the fibers that compose the anal sphincter 
seem to be of ectodermal origin. These muscle fibers are entirely surrounded by the basal 
lamina of the sphincter and lie exteriorly to this extracellular matrix, which indicates the 
myoepithelial nature of the anal sphincter. Moreover, the sphincter seems to be constructed 
of only two cells (Fig. 3.4B–E). 
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Fig. 3.2. Symbion pandora. Transmission electron micrographs of longitudinal sections in the buccal funnel 
region of a feeding stage. The insert figure shows a photomerging of micrographs from the specimen shown 
in A and B, in which the region of interest is outlined. (A) Buccal funnel longitudinal muscle (bm). 
Attachment fibers (double arrowheads) anchor the oblique, cross-striated muscle by means of double 
hemidesmosomes to the procuticle of the cuticle (cu). (B) The buccal funnel longitudinal muscles anchored 
in the epidermis (ep) by means of double hemidesmosomes (arrows). bf, buccal funnel; ci, cilia; ne, nerve; tr, 
trunk. 
 
Musculature of the Attached Prometheus Larva 
In the attached Prometheus larva (Fig. 3.6A) three sets of thick muscles run 
longitudinally along the anterior-posterior axis of the body, one dorsal, one lateral, and one 
ventral. The muscles of the Prometheus larva encircle the newly formed males inside (Figs. 
3.6B,C and 3.7). The males are located in a more posterior region, i.e., at the opposite pole 
of the attachment site to the feeding stage. However, when more than one male is 
generated, the whole inner body of the attached Prometheus larva is occupied (Figs. 3.1B 
and 3.6B,C). 
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Fig. 3.3. Symbion pandora. Transmission electron micrographs of longitudinal sections in the anterior region 
of the trunk of a feeding stage. (A) Trunk longitudinal muscle (tm) anchored to the epidermis (ep) by means 
of double hemidesmosomes (arrows). The same trunk longitudinal muscle is attached to the procuticle of the 
cuticle (cu) by means of a double hemidesmosome (double arrowheads) and a very long attachment fiber 
(af). (B) Overview of a cross-section of the median body region showing the buccal funnel (bf) and the trunk 
(tr). Same specimen as in B and C. (C) Longitudinal muscle (tm) anchored to the epidermis by means of a 
double hemidesmosome (arrow). (D) Trunk longitudinal muscle attached to the procuticle (double 
arrowheads) and anchored to the epidermis (arrow) in distinct spots. (E) Close-up of the area outlined in A. 
Note the trunk longitudinal muscle connecting the attachment fiber by means of a double hemidesmosome 
(arrow). 
 
The muscle fibers of the Prometheus larva are cross-striated and the attaching fibers 
attach to the procuticle of the cuticle via the epidermis by double hemidesmosomes, which 
is the condition also found in the feeding stage (Fig. 3.8A–C). 
 
Musculature of the Dwarf Male 
The musculature of the dwarf male (Fig. 3.9A) includes several longitudinal 
muscles located on both sides of the body (Fig. 3.9B–F). Dorsally, two muscles cross each 
other approximately two-thirds down the anterior-posterior body axis (Fig. 3.9C). 
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Fig. 3.4. Symbion pandora feeding stage visualized by fluorescein isothiocyanate-coupled phalloidin staining 
and confocal laser scanning microscopy (A and A’) and transmission electron microscopy (B-E). B is a 
longitudinal section, whereas C–E are cross-sections. (A) same specimen as in Fig. 3.1E. A’: close up of the 
anal sphincter musculature outlined in A. (B) Location of the anal sphincter relatively to the anal opening 
(an). Note the longitudinal trunk muscle (tm) and the nerve tissue (ne) located close to the anal sphincter. (C) 
Section in the distal body region. The basal lamina (bl) surrounds the myoepithelial tissue (my) of the anal 
sphincter and only one nucleus (nu1) is observed. Several mesodermal muscles (me) are located between the 
sphincter apparatus and the epidermis. Note the proximity of the anal sphincter to the descending branch of 
the digestive tract, full of cilia (ci). (D) Cross-section in the median body region. Note that no nucleus is 
observed at this level. (E) Section in the proximal body region. A second nucleus (nu2) is identified. 
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Fig. 3.5. Transmission electron micrograph of the anal sphincter of Symbion pandora. Cross-section in the 
median body region. Note the absence of a nucleus in the anal sphincter. Myoepithelial muscle fibers (my) 
are located internally to the basal lamina (bl) surrounding the anal sphincter. Mesodermal muscle fibers (me) 
are situated externally to that extracellular matrix. Note the proximity of the anal sphincter to the descending 
branch of the gut (dg), which is also surrounded by a basal lamina (bld). ci, cilia; cu, cuticle of the feeding 
stage; cr, cuticle of the rectum; ep, epidermis; lu, lumen of the rectum. 
 
This arrangement forms an X-shaped structure in which the anterior arms are longer than 
the posterior ones (Fig. 3.9C,E). On the ventral side, two pairs of ventrolateral muscles 
compose the outermost musculature. These muscles are laterally curved and run along the 
entire body length (Fig. 3.9B–F). The outermost pair splits in two at its posterior end. 
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Fig. 3.6. Symbion pandora. Light micrograph of an attached Prometheus larva that was carefully removed 
from the trunk of a feeding stage (A). Body musculature of the specimen shown in A visualized by 
fluorescein isothiocyanate-coupled phalloidin staining and confocal laser scanning microscopy (B) and by 3D 
imaging (C). Anterior faces downwards and lateral view in all aspects. (A) Three developing dwarf males 
(nd1-3) are observed inside the larval body. (B) Note that several F-actin reactive fibers are identified in this 
specimen but it is difficult to interpret which structures are from the attached Prometheus larva and which are 
from the developing males. (C) Note the thick larval muscles encircling the three dwarf males brooded 
inside. Color code: musculature of the Prometheus larva, yellow; muscles of the male 1, blue; muscles of the 
male 2, red; muscles of the male 3, green. dm, dorsal longitudinal muscles; lm, lateral longitudinal muscles; 
vm, ventral longitudinal muscles. Scale bars: 10 μm. 
 
The innermost pair is longer than the outermost one. Another pair of ventral muscles forms 
a V-shaped structure with its branching point being located anteriorly. This V-shaped 
structure is situated more medially in the anterior third of the male body (Fig. 3.9B,E). 
A pair of curved-parallel fibers forms the posteriormost muscles (Fig. 3.9B,C). In 
addition, three short, thick muscles cross each other and also the curved-parallel muscles, 
and attach to the ventrolateral muscles (Fig. 3.9B,C). Because the outermost longitudinal 
ventral fiber splits posteriorly into two, each short muscle only connects to one of the ends 
of the ventrolateral muscles. Furthermore, a short posterior muscle interconnects the 
curved-parallel muscles and the X-shaped structure dorsally (Fig. 3.9C). A fifth pair of 
short muscles crosses the curved-parallel muscles dorsally and eventually inserts ventrally 
in the male body (Fig. 3.9C). 
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Fig. 3.7. Transmission electron micrograph of a cross-section of a Prometheus larva of Symbion pandora that 
is attached to a feeding stage and houses a developing dwarf male inside its body. Note the several 
Prometheus larva muscles (plm) that surround the newly generated dwar fmale. mcu, dwarfmale cuticle;mfc, 
dwarfmale frontal ciliated field; pcu, cuticle of the Prometheus larva.  
 
The musculature of the dwarf male includes several dorsoventral muscles which are 
located on both sides of the body and have branched ends (Fig. 3.9C–F). Three pairs of 
dorsoventral muscles are arranged medially along the entire body length. The anteriormost 
one connects dorsally and ventrally to the X- and V-shaped structures, respectively, 
whereas the middle and the posteriormost ones are connected dorsally to the X-shaped 
structure and eventually insert ventrally in the body. Laterally to the posteriormost pair  
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Fig. 3.8. Transmission electron micrographs of cross-sections of a Prometheus larva of Symbion pandora 
attached to a feeding stage. Same specimen as in Figure 3.7. (A) Prometheus larva muscle (plm) anchored to 
the epidermis (ep) by means of double hemidesmosomes (arrows). (B) Muscle fiber anchored to the 
epidermis (ep) of the Prometheus larva by means of a double hemidesmosome (arrow). Note the attachment 
fiber (double arrowhead) that attaches the muscle to the procuticle of the cuticle (pcu). (C) A Prometheus 
larva muscle attached to the procuticle and anchored to the epidermis via distinct double hemidesmosomes. 
 
 
there are three other pairs of dorsoventral muscles that insert dorsally and ventrally in the 
body of the dwarf male. Finally, two additional pairs of dorsoventral muscles are present. 
These pairs are connected ventrally to the posterior pole of the V-shaped structure and 
insert dorsally in the male body. 
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The posterior muscle fibers probably correspond to either those that are located in 
the vicinity of the penis or to muscles connecting to the penis (Fig. 3.10E,F). These and all 
other muscles of the male are cross striated. Because a procuticle is absent in the dwarf 
males of S. pandora (cf. Obst and Funch, 2003), the fibers attach directly to the thin cuticle 
via the epidermis by means of double hemidesmosomes (Fig. 3.10A–D). 
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Musculature of the Developing Female 
A feeding stage with a newly forming female occupying the whole trunk was found 
for the first time in cycliophorans (Fig. 3.11A). In most cases, a newly forming stage is 
found laterally and is not longer than half of the length of the trunk of the feeding stage 
(Fig. 3.11D). The newly forming female has a well developed cuticle lining its body and 
contains one oocyte (Fig. 3.11A). The maternal feeding stage has a degenerating buccal 
funnel. The ring musculature is incomplete and buccal funnel longitudinal muscles are 
absent (Fig. 3.11A–C). A complex arrangement of muscle fibers is present in the trunk 
region, however, only three thick longitudinal fibers with branched ends compose the trunk 
musculature of the feeding stage (Fig. 3.11B,C). The remaining muscular elements belong 
to the newly forming female. 
The musculature of the developing female is composed of several longitudinal 
fibers that are found on both sides of the body (Fig. 3.11B,C). Two pairs of dorsal 
longitudinal fibers that emerge anteriorly are present. The outermost pair is the longest one 
and the fibers cross each other medially, in the posterior third of the body. The fibers of the 
innermost pair are very short and span only the anteriormost fourth of the female body. 
Two pairs of ventrolateral muscles run longitudinally, with both emerging at the 
anterior pole of the female body. Regarding the outermost pair, each fiber runs along the 
entire body length and curves inwards in the anterior half of the body and outwards in the 
posterior half. Concerning the innermost pair, both fibers curve inwards and only span the 
anterior half of the body. A shorter paired ventral muscle runs longitudinally in the anterior 
fourth of the female body. Its fibers cross each other in the very anterior end of the female 
body forming a V-shaped structure. 
 
Fig. 3.9. Symbion pandora. Light micrograph of a dwarf male (A). Body musculature of the specimen shown 
in A visualized by fluorescein isothiocyanate-coupled phalloidin staining and confocal laser scanning 
microscopy (B-D) and by 3D imaging (E-F). Anterior faces left in all aspects. (A) Ventral view. Note the 
prominent penis (pe) located posteriorly. (B) Ventral view. (C) Dorsal view. (D) lateral view. Note the strong 
F-actin reactivity in the posterior part of the body. (E) Dorsal view. (F) Lateral view. Note the several 
dorsoventral muscles. Color code: dorsoventral muscles, green; curved-parallel and short posterior muscles, 
yellow; ventrolateral muscles, light blue; V-shaped muscles, dark blue; X-shaped muscle, red. cp, curved-
parallel muscles; dv, dorsoventral muscles (also indicated with arrowheads); iv, innermost ventrolateral 
muscle; ov, outermost ventrolateral muscle; sm, posterior short muscles; vs, V-shaped ventral muscular 
structure; xs, X-shaped dorsal muscular structure. Scale bars: 10 μm. 
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Fig. 3.10. Symbion pandora. Transmission electron micrographs of longitudinal sections of a dwarf male 
while inside a Prometheus larva. (A) Muscle (mmu) with three attachment fibers (arrows) anchored to the 
epidermis (ep). (B) Muscle with two attachment fibers (double arrowheads) anchored directly to the thin 
cuticle (mcu). (C) Another muscle with attachment fibers attached directly to the cuticle. (D) Muscle with 
attachment fibers attached to the cuticle via the epidermis. (E) Posterior muscle in the left side of the penis. 
(F) Overview of the dwarf male while inside the Prometheus larva as presented in all images; the outlines 
mark the areas shown as close-ups in E (black) and G (white). (G) Posterior muscle anchored to the right side 
of the penis. mfc, dwarf male frontal ciliated field; pl, tissue of the Prometheus larva; ps, penial sheath. 
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Eight circular muscles of different length are present on both sides of the female 
body. These circular muscles are always located inside the ventral and ventrolateral 
muscles and are arranged perpendicular to these. Furthermore, some of the circular 
muscles have branched ends.  
Five pairs of dorsoventral muscles are located in the anterior third of the female 
body. These dorsoventral muscles seem to be arranged in a 2-2-1 scheme along the 
anterior-posterior axis of the body. However, the fibers of the dorsoventral muscles cross 
each other as well as the longitudinal muscles in several regions, making the muscular 
arrangement very unclear in this region of the female body. In addition, a very thin muscle 
fiber runs longitudinally from a median-dorsal to an antero-ventral position close to the 
middle dorsoventral muscles. Laterally branched fibers are observed on both sides of the 
female. These fibers are located in the anterior half of the female body and between the 
second and fourth circular muscles. 
 
Musculature of the Encapsulated Chordoid Larva 
The myoanatomy of the newly formed chordoid larva before hatching (Fig. 
3.12A,B) is identical to previous descriptions of free-swimming stages (Wanninger, 2005; 
Neves et al., 2009). However, we did not find any additional muscular components than 
that of the chordoid larva itself (Fig. 3.12B). Therefore, this newly generated chordoid 
larva is surrounded neither by musculature derived from the chordoid cyst nor by remnants 
of the musculature of the female. 
 
 
3.4 DISCUSSION 
 
Prior to this study, data on the muscular bodyplan of the feeding stage of S. 
pandora had solely relied on light and TEM investigations (Funch and Kristensen, 1997). 
With the present work we add a number of ultrastructural details such as, e.g., the 
longitudinal muscles in the buccal funnel and the gut musculature in the ascending portion 
of the intestine. 
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Previously, the muscle fibers at the base of the buccal funnel of the feeding stage 
had been interpreted as a mesodermal esophageal sphincter (Funch and Kristensen, 1997). 
However, our results show that these fibers run longitudinally in the buccal funnel, similar 
to the situation found in S. americanus (Table 3.1, cf. Neves et al., 2009). Accordingly, the 
longitudinal muscles in the buccal funnel are characteristic for both hitherto described 
cycliophoran species, thereby probably contributing to the movements of the buccal funnel 
(see Funch and Kristensen, 1995). 
Myoanatomical subsets of the gut can now be assigned to both cycliophoran species 
(Table 3.1). The muscle fibers surrounding the ascending portion of the gut have only 
recently been described in S. americanus (cf. Neves et al., 2009), whereas the presence of 
an anal sphincter underlying the rectum had already been reported in the original 
descriptions of S. pandora (cf. Funch and Kristensen, 1997). However, the results 
presented herein show the anal sphincter as a highly complex structure partially composed  
 
 
Fig. 3.11. Symbion pandora. Light micrograph of a feeding stage with a developing female inside (A). Body 
musculature of the specimen shown in A visualized by fluorescein isothiocyanate (FITC)-coupled phalloidin 
staining and confocal laser scanning microscopy (CLSM) (B) and by 3D imaging (C). Body musculature of a 
specimen (generating a new stage and a new buccal funnel) visualized by FITC-coupled phalloidin staining 
and CLSM (D). Distal faces upwards in all aspects. (A) Note the degenerating buccal funnel (bf) of the 
feeding stage and the female’s oocyte (oo). (B) Except for the ring musculature (rm) and the trunk 
longitudinal muscles (tm) of the feeding stage, all muscle fibers observed herein compose the complex 
musculature of the developing female. Note the absence of a buccal funnel inside the trunk. Note that anterior 
is facing downwards in the developing female, which is occupying the whole volume of the trunk. (C) 
Clearly the trunk longitudinal muscles of the feeding stage are surrounding the complex female’s body 
musculature. (D) Note that the volume occupied by the newly generated stage (ns) is in this case much less 
than in B. Color code: circular muscles, yellow; dorsolateral muscles, red; dorsoventral muscles, green; thin 
longitudinal muscle, orange; ventral longitudinal muscles, light blue; ventrolateral muscles, dark blue; ring 
and trunk longitudinal musculature of the feeding stage, gray. arrowhead, thin longitudinal muscle; asterisk, 
anal sphincter apparatus; bm, buccal funnel longitudinal muscles; bm2, buccal funnel longitudinal muscles of 
the newly forming buccal funnel; cm, circular muscles; dl1-2, dorsolateral muscles; dv, dorsoventral muscles; 
fc, cuticle of the developing female; gm2, coiled fibers of the gut muscles of the newly forming buccal 
funnel; lb, lateral branched muscles; ns, newly forming life cycle stage; rm, ring musculature; rm2, ring 
musculature of the newly forming buccal funnel; st, stalk; tr, trunk; vl1-2,ventrolateral muscles; vm, ventral 
longitudinal muscle. Scale bars: 25 μm. 
Novelties on the musculature of Symbion pandora  
60 
 
Fig. 3.12. Symbion pandora. Light micrograph of a chordoid cyst attached to a host seta (A) and body 
musculature visualized by fluorescein isothiocyanate-coupled phalloidin staining and confocal laser scanning 
microscopy (B). Anterior end of the chordoid cyst is facing downwards, however, the newly generated 
chordoid larva has its anterior end facing upwards. (A) Lateral view. (B) Note the strong muscular chordoid 
organ running along the entire body length. Note, as well, the other various fully formed cross-striated 
muscles usually observed in the free-swimming chordoid larva. ch, chordoid organ; cm, circular muscles; cu, 
cuticle of the chordoid cyst; dl, dorsolateral muscles; dm, dorsomedian muscles; dv, dorsoventral muscles 
(also indicated with arrowheads); lm, lateral muscles; om, oblique muscles; vl, ventrolateral muscles; st, 
stalk. Scale bars: 25 μm. 
 
of myoepithelial fibers. So far, only the ring musculature of the buccal funnel had been 
known to possess ectodermal myoepithelial cells. 
Previous studies have identified one to two pairs of trunk longitudinal muscles in 
the feeding stage of S. pandora (Funch and Kristensen, 1997). The results from our study, 
however, differ somewhat from this earlier description. The musculature of the feeding 
stages studied herein is very similar in the two populations, but a major difference seems to 
be related to the trunk longitudinal muscles, which show some plasticity concerning shape 
and number (Table 3.1). Despite the fact that the host species is the same for both 
populations, i.e., the Norway lobster, one should not rule out the possibility of cryptic 
speciation in S. pandora (Baker et al., 2007; Baker and Giribet, 2007). However, the 
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genetic diversity of the cycliophorans living on the Norway lobster is low when compared 
to the commensals from the two other hosts, the European and American lobsters (Obst et 
al., 2005). The trunk longitudinal muscles of the feeding stages of S. americanus (Neves et 
al., 2009) are more similar in shape to those described for S. pandora from Sagres than to 
those from Peniche. 
Concerning the attached Prometheus larva, longitudinal muscles running on the 
ventral side of the larval body were observed only in S. pandora (Table 3.1). However, the 
specimens studied herein may be at a different life history phase than those of S. 
americanus as described earlier (Neves et al., 2009). This is because the muscle 
degeneration process in the Prometheus larva is related to the formation of dwarf males 
inside its body. As discussed elsewhere, and because the only remaining muscles from the 
attached Prometheus larva are reminiscents of the dwarf male, we suggest a mechanical 
protective role of these fibers also in S. pandora (cf. Neves et al., 2009). 
Muscle fibers enclosing the male while still inside the attached Prometheus larvae 
of S. Pandora were previously interpreted as dorsoventral muscles (Obst and Funch, 
2003). Moreover, two pairs of ventrolateral muscles were found to run through the whole 
body length of the dwarf male. However, the dorsal X-shaped muscle was not interpreted 
as such and only five pairs of dorsoventral muscles had been described (Obst and Funch, 
2003). The musculature of the fully developed male of S. pandora revealed a fifth pair of 
short muscles in the posterior region of the body, which had not been described for S. 
americanus (Neves et al., 2009). However, a reassessment of the previous results and the 
performance of new musculature staining experiments revealed that this fifth pair is 
actually also present in S. americanus (Table 3.1). Therefore, the dwarf males of both 
species have exactly the same muscle architecture, except for the fact that the posterior 
horseshoe-shaped muscles found in S. americanus are not so distinctly curved in S. 
pandora and were therefore named “curved-parallel muscles” (Table 3.1). This could be 
due to the size difference between the two species. 
We describe for the first time the musculature of a cycliophoran female developing 
inside a feeding stage. Because the overall musculature of the developing female is 
virtually similar to that of the Pandora larva of S. americanus (Table 3.2) (Neves et al., 
2009), the view of the female as a neotenic adult (Funch and Kristensen, 1997) is 
supported by our results. It is important to stress, however, that we were able to obtain 
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Table 3.1 - Comparative myoanatomy of various life cycle stages of Symbion pandora and S. americanus. 
 
 Symbion pandora Symbion americanus 
   
Feeding stage   
  Ring musculature + + 
  Buccal funnel longitudinal  
  muscles 
+ + 
  Trunk longitudinal muscles + (2-5 thick and shorta or 4-8 thin 
and longb)  
+ (6 thin and long) 
  Gut coiled muscles + + 
  Anal sphincter + + 
   
   
Attached Prometheus larva   
  Dorsal longitudinal muscles + + 
  Lateral longitudinal muscles + + 
  Ventral longitudinal muscles + - 
   
   
Dwarf male   
  X-shaped dorsal muscle + + 
  Outermost ventro-lateral muscles + + 
  Innermost ventro-lateral muscles + + 
  V-shaped ventral muscle + + 
  Horseshoe-shaped muscles + (named as curved-parallel) + 
  Posterior short muscles (5 pairs) + + 
  Dorso-ventral muscles (8 pairs) + + 
   
   
Chordoid larvac   
  Chordoid organ + + 
  Dorso-median muscles + + 
  Dorso-lateral muscles + + 
  Lateral muscles + + 
  Ventro-lateral muscles + + 
  Dorso-ventral muscles (4 sets + 1 
  lateral set) 
+ + 
  Circular muscles (6 subunits) + + 
  Oblique muscles (3 pairs) + + 
  Posterior transversal muscle + + 
  Short anterior muscles + + 
  Ventral anterior muscles + + 
   
 
 
 
 
 
 (continues next page) 
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(continued from previous page) 
 
 
a Population from Peniche  
b Population from Sagres 
c From Wanninger, 2005 and Neves et al., 2009 
 
 
 
only one specimen and therefore the data provided herein require additional confirmation 
from future studies. Interestingly, the developing female occupies the whole trunk of the 
parental feeding stage. Feeding stages undergoing internal budding processes have so far 
been described with the newly generating form occupying only a partial volume of the 
trunk (Funch and Kristensen, 1997; Obst et al., 2006; Neves et al., 2009). We therefore 
believe that the feeding stage used in our analysis would have died after the escaping 
process of the female. This assumption is based on the absence of a newly forming buccal 
funnel and gut to replace the old, degenerating ones in the trunk of the maternal feeding 
stage. 
 
  Ventral longitudinal muscle ? + 
  Dorso-ventral muscles (5 sets) ? + 
  Circular muscles (8 pairs) ? + 
  Coiled muscle ? + 
  Newly formed buccal funnel ? + 
   
   
Developing female   
  Short anterior muscles -  ? 
  Dorso-lateral muscles + ? 
  Ventro-lateral muscles + ? 
  Ventral longitudinal muscle + ? 
  Dorso-ventral muscles (5 sets) + ? 
  Circular muscles (8 pairs) + ? 
  Thin longitudinal muscle + ? 
  Lateral branched muscles + ? 
 Symbion pandora Symbion americanus 
   
Pandora larva   
  Short anterior muscles ? + 
  Dorso-lateral muscles ? + 
  Ventro-lateral muscles ? + 
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Table 3.2 - Comparative myoanatomy of the developing female of Symbion pandora and the Pandora larva of 
S. americanus. 
 
 Developing female of Symbion pandora 
Pandora larva of Symbion 
americanus 
  Short anterior muscles - + 
  Dorso-lateral muscles (2 pairs) + + 
  Ventro-lateral muscles (2 pairs) + + 
  Ventral longitudinal muscle + + 
  Dorso-ventral muscles (5 sets) + + 
  Circular muscles (8 pairs) + + 
  Coiled muscle + (named thin longitudinal 
muscle) 
+ 
  Newly formed buccal funnel - + 
  Lateral branched muscles + - 
 
 
Besides the muscle elements from the newly formed chordoid larva inside the 
chordoid cysts studied herein no other muscles were observed in this stage. Contrary to the 
feeding stage and the Prometheus larva, which are both responsible for generating new 
stages inside their bodies, there are no muscle fibers from the chordoid cyst surrounding 
the newly formed stage. Because the chordoid cysts are found in more sheltered areas of 
the mouthparts of the host lobster than feeding stages and Prometheus larvae (Obst and  
Funch, 2006), there is no obvious need for the presence of mechanical protective muscle 
fibers surrounding the newly formed chordoid larva (Neves et al., 2009). 
In all life cycle stages studied herein, mesodermal muscle fibers attach to the cuticle 
via the epidermis by means of double hemidesmosomes. This condition has earlier been 
used to emphasize the differences concerning muscle attachment sites between 
cycliophorans and rotifers, because in the latter a true cuticle is absent and the muscles 
insert directly at the epidermis (Ruppert, 1991; Clément and Wurdak, 1991; Wanninger, 
2005; Neves et al., 2009). The overall myoanatomy of both clades is, however, similar 
because of the presence of circular body wall muscles (Hochberg and Litvaitis, 2000; 
Santo et al., 2005; Ricci et al., 2008; Riemann et al., 2008). Ectoprocts and entoprocts are 
two other proposed cycliophoran sistergroups, with a myoanatomy that includes several 
longitudinal retractor muscles similar to those described herein for all life cycle stages of S. 
pandora. These myoanatomic elements are, however, present in almost all metazoan phyla 
as well and can thus not be used to infer the phylogenetic relationships between 
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Cycliophora, Ectoprocta, and Entoprocta (Mukai et al., 1997; Nielsen and Jespersen, 
1997). A possible shared myoanatomic feature might be the ventrally intercrossing 
dorsoventral muscles present in the creeping larva of entoprocts and the cycliophoran 
Pandora larva (Neves et al., 2009). However, in cycliophorans these muscles do not engulf 
the major visceral organs as is the case in entoprocts and molluscs (Wanninger and 
Haszprunar, 2002; Haszprunar and Wanninger, 2007). Thus, a comparison of individual 
aspects of the cycliophoran myoanatomy with those found in the traditionally proposed 
sistergroups of Cycliophora does not permit a final decision on the phylogenetic placement 
of this enigmatic phylum. 
The comprehensive morphological data that is now available for the majority of life 
cycle stages of both cycliophoran species described to date suggest a highly conserved 
overall bodyplan including the musculature for the entire phylum (Table 3.1). However, 
the myoanatomical remodelling during metamorphosis from one life cycle stage to another 
remains to be discovered. These changes seem to be particularly drastic when the Pandora 
or the chordoid larvae undergo morphological changes to give origin to the sessile, polyp-
like feeding stage. The latter is responsible for filter feeding and has a simpler body muscle 
architecture than the larval forms. On the contrary, the Pandora and the chordoid larvae 
possess a complex musculature, probably because both need to crawl or swim to find a 
suitable spot on the host mouthparts for settlement. Thus, different levels of myoanatomic 
complexity seem to be correlated to the life history of the various cycliophoran stages and 
their role in the life cycle of the organism. The existing detailed knowledge of the 
cycliophoran muscular arrangement renders fluorescein isothiocyanate-coupled phalloidin 
staining procedures a powerful tool to identify yet unknown intermediate life cycle stages, 
thus aiding in fully resolving the life cycle of Cycliophora. 
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Expression of synapsin and co-localization with serotonin 
and RFamide-like immunoreactivity in the nervous system 
of the chordoid larva of Symbion pandora (Cycliophora) 
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ABSTRACT Cycliophora is one of the most recently described metazoan phyla and 
hitherto includes only two species, Symbion pandora and S. americanus. With a very 
complex life cycle, cycliophorans are regarded as an enigmatic group with an uncertain 
phylogenetic position, although they are commonly considered lophotrochozoan 
protostomes. In order to extend the database concerning the distribution of immunoreactive 
substances in the free-swimming chordoid larva of Symbion pandora, we investigated 
synapsin immunoreactivity using fluorescence-coupled antibodies in combination with 
confocal laser scanning microscopy. Moreover, we analyzed colocalization patterns of 
synapsin, serotonin, and RFamide-like immunoreactivity in the chordoid larva by 3D 
imaging technology based on the confocal microscopy image stacks. Synapsin is expressed 
in large parts of the bilobed anterior cerebral ganglion including anterior and dorsal 
projections. Two pairs of ventral neurites run longitudinally into the larval body of which 
the inner pair shows only weak, scattered synapsin immunoreactivity. In addition, a lateral 
synapsin immunoreactive projection emerges posteriorly from each ventral longitudinal 
axon. Double immunostaining shows co-localization of synapsin and serotonin in the 
cerebral ganglion, the outer and the inner ventral neurites, and the anterior projections. 
Synapsin and RFamide-like immunoreactivity co-occur in the cerebral ganglion, the outer 
ventral neurites, and the dorsal projections. Accordingly, the cerebral ganglion and the 
outer ventral neurites are the only neural structures that co-express the two 
neurotransmitters and synapsin. The overall neuroanatomical condition of the cycliophoran 
chordoid larva resembles much more the situation of adult rather than larval life cycle 
stages of a number of spiralian taxa. 
 
KEYWORDS: confocal microscopy, evolution, phylogeny, Spiralia, Lophotrochozoa. 
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4.1 INTRODUCTION 
 
Cycliophora is one of the few metazoan phyla that were described in the twentieth 
century, and so far comprises only two species, Symbion pandora Funch and Kristensen, 
1995, and Symbion americanus Obst et al., 2006. The first described species, S. pandora, 
lives on the mouthparts of the Norwegian lobster Nephrops norvegicus Linnaeus, 1758, 
whereas S. americanus is a commensal on the American lobster, Homarus americanus H. 
Milne-Edwards, 1837. Besides the existence of only two described species, and the fact 
that cycliophorans seem to be highly host specific, molecular studies have recently 
suggested cryptic speciation in S. americanus (Obst & Funch, 2005; Baker & Giribet, 
2007; Baker et al., 2007).  
The phylogenetic position of Cycliophora has been highly controversial ever since 
its original description, in which a relationship to Entoprocta and Ectoprocta had been 
hypothesized (cf. Funch & Kristensen, 1995). However, more recent studies suggest a 
close relationship to either gnathiferan taxa such as Rotifera (e.g., Winnepenninckx et al., 
1998; Giribet et al., 2000; Peterson & Eernisse, 2001; Giribet et al., 2004) or Entoprocta 
alone (e.g., Zrzavý et al., 1998; Sørensen et al., 2000; Funch et al., 2005; Passamaneck & 
Halanych, 2006). Given the ongoing incongruencies of different molecular analyses, 
additional morphological data on all life cycle stages are needed in order to refresh the 
discussion on cycliophoran relationships. 
The cycliophoran life cycle involves one stage that is able to feed. This feeding 
stage attaches to the setae of the host lobster, filters small food particles from the water, 
and gives rise to several other stages in a brood chamber of the trunk (Funch & Kristensen, 
1995, 1997; Kristensen, 2002; Obst & Funch, 2003). A single feeding individual is capable 
of producing, one at a time, a Pandora larva, a Prometheus larva or a female. Once 
liberated, the Pandora larva settles close to the maternal feeding stage and develops 
asexually into a new feeding stage, while the Prometheus larva settles on the trunk of a 
feeding individual and generates dwarf males inside its body. After fertilization, the female 
settles and encysts on the mouthparts of the same host. During subsequent embryonic 
development, only the adhesive disc and the cuticle of the female are retained when the 
chordoid cyst is formed. Eventually, the free-swimming chordoid larva hatches from the 
cyst, settles on a new host individual, and develops into a new feeding stage. Therefore, the  
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Fig. 4.1. The chordoid larva of Symbion 
pandora, light micrographs. Anterior faces 
left in both aspects, scale bars equal 25 μm. 
A: Lateral view. B: Dorsal view. ac, anterior 
ciliated field; ag, anterior glands; ch, chordoid 
organ; fo, foot; pc, posterior ciliated field; vc, 
ventral ciliated field; asterisk, cerebral 
ganglion. 
 
 
 
chordoid larva can be regarded as the dispersal stage within the cycliophoran life cycle. 
Morphologically, the chordoid larva (Fig. 4.1A) is, among other features, characterized by 
anterior, ventral and posterior ciliated fields, a posterior foot, and a ventral chordoid organ 
that spans along the entire length of the larval body (cf. Funch, 1996).  
The anatomy of the nervous system of the chordoid larva was first investigated by 
light (LM) and transmission electron microscopy (TEM) (Funch, 1996). This description 
revealed a bilobed “brain” which is located dorsally in the anterior body region. In 
addition, a pair of ventro-lateral nerve cords, which connects to a pair of ventral 
longitudinal nerves, and small nerves that run to an anterior ciliated band were described. 
More recently, a study employing immunocytochemistry (ICC) in combination with 
confocal laser scanning microscopy (CLSM) uncovered RFamide-like and serotonin 
immunoreactivity in the chordoid larva of Symbion pandora (see Wanninger, 2005). 
Thereby, RFamide-like immunoreactivity revealed the presence of two nerve cords which 
correspond to the paired nerve cords previously described by TEM. However, serotonin 
labeling showed the presence of an additional inner pair of neurites.  
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Aiming to broaden the database concerning the distribution of immunoreactive 
substances in the cycliophoran nervous system we describe herein synapsin 
immunoreactivity in the chordoid larva of Symbion pandora. Furthermore, we focus on the 
relative distribution of synapsin, RFamide-like immunoreactivity, and serotonin in the 
larval nervous system by presenting 3D reconstructions based on the CLSM image stacks. 
 
 
4.2 MATERIALS AND METHODS 
 
Animals and fixation 
Specimens of the Norway lobster, Nephrops norvegicus, were collected from 400 m 
depth off the coast of Peniche (Portugal) on March 12 and 17, 2008 by local fishermen. 
Mouthparts from the lobsters were dissected from the hosts and placed in Petri dishes with 
sea water. After several hours, swimming chordoid larvae were collected with a Pasteur 
pipette, narcotized by adding drops of a 7% MgCl2 solution, and fixed for 1 h at room 
temperature in 4% paraformaldehyde (PFA). Afterwards, all specimens were washed 3 × 
15 min in phosphate buffered saline (PBS) containing 0.1% sodium azide (NaN3) and 
stored at 4°C.  
 
Immunocytochemistry  
For synapsin staining, antibodies were applied following a protocol described 
earlier (Wanninger, 2005). The specimens were permeabilized for 1 h at 4ºC in 0.1 M PBS 
containing 5% Triton X-100 and 0.1% NaN3 (= PBT), which was followed by blocking of 
unspecific binding sites for 24 h at 4ºC in 6% normal goat serum (Sigma, Brøndby, 
Denmark) in PBT (= PTA). The monoclonal anti-synapsin antibody from mouse [anti-
SYNORF1 (3C11), raised against the Drosophila GST-synapsin fusion protein; 
Developmental Studies Hybridoma Bank, Iowa, USA] was diluted in PTA and applied at a 
1:25 working concentration for 24 h at 4ºC. The specimens were subsequently rinsed four 
times over 6h at 4°C in PTA and were then incubated in a goat anti-mouse secondary 
antibody conjugated to fluorescein isothiocyanate (FITC) (Sigma, Brøndby, Denmark) 
diluted 1:300 in PTA for 24h at 4°C. This was followed by four washes overnight in 0.1 M 
PBS and embedding in either Fluoromount G (SouthernBiotech, Birmingham, USA) or 
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Vectashield (Vector Laboratories, Burlingame, USA) on glass slides. Negative controls 
were performed by omitting either the primary or the secondary antibody and yielded no 
specific signal. 
For synapsin and serotonin double labeling, incubations with the primary antibodies 
were performed using the anti-synapsin antibody from mouse (dilution 1:25) mixed with 
an anti-serotonin antibody from rabbit (Zymed, San Francisco, USA, dilution 1:500) in 
PTA for 24 h at 4ºC. Incubation with the secondary antibodies was performed by applying 
a solution that included the goat anti-mouse FITC-conjugated antibody (dilution 1:300) 
and a goat anti-rabbit Alexa Fluor 594 antibody (Invitrogen, Molecular Probes, Eugene, 
USA, dilution 1:400) in PTA for 24h at 4°C. For synapsin and RFamide-like double 
labeling, specimens were incubated in a solution that included the anti-synapsin antibody 
from mouse (dilution 1:25) and an anti-FMRFamide (Phe-Met-Arg-Phe-NH2) antibody 
from rabbit (BioTrend, Cologne, Germany, dilution 1:300). Incubation with the secondary 
antibodies was conducted as described for synapsin and serotonin double labeling. After 
the incubation with the secondary antibodies, the specimens were washed 3 × 15 min in 
PBS. In order to visualize cell nuclei, specimens were incubated in PBS with DAPI 
(Invitrogen, Taastrup, Denmark) at a final concentration of 5 μg/ml for 30 min at room 
temperature. Finally, specimens were washed 3 × 15 min in PBS and mounted on glass 
slides in either Fluoromount G or Vectashield. Seven specimens were analyzed for each 
single or double labelling experiment and showed consistent results. 
 
Microscopy and 3D imaging 
The specimens were examined with a Leica DM IRBE microscope equipped with a 
Leica TCS SP2 confocal laser scanning unit (Leica, Wetzlar, Germany). For double 
labeling experiments, scans were performed using 40× or 63× immersion oil lenses with a 
1.2-2.0 digital zoom, and optical sections were generated with a Z-step size ranging 
between 0.3μm and 0.35μm. Optical sections were digitally recorded and the resulting 
stacks were merged into projection images with greater focal depth. 3D surface rendered 
models were created using the image editing software Imaris v. 5.7.2 (Bitplane AG, 
Zürich, Switzerland). Some of the specimens were studied using an Olympus NX51 
microscope (Olympus, Tokyo, Japan) with phase-contrast and Normarski DIC, from which 
light micrographs were taken with an Olympus C-3030 digital camera. 
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4.3 RESULTS 
 
Synapsin immunoreactivity 
Synapsin immunoreactivity in the chordoid larva of Symbion pandora is mainly 
found in the cerebral ganglion (Figs. 4.2, 4.3). This ganglion is bilaterally symmetrical, 
horseshoe-shaped, and faces the ventral side. A single pair of ventral synapsin 
immunoreactive ventral neurites runs longitudinally along the body axis (Figs. 4.2A,B, 
4.3). Anteriorly, both ventral neurites split before connecting ventrally to the cerebral 
ganglion (Figs. 4.2A,B,D). A short neurite with weak synapsin immunoreactivity emerges 
laterally from each ventral neurite at about two thirds along the anterior-posterior body 
axis (Figs. 4.2A,B, 4.3). An additional pair of median ventral neurites is located laterally to 
the pair of ventral longitudinal neurites. However, the synapsin signal in that inner ventral 
pair of neurites is scattered and very weak and could not be unambiguously identified in all 
specimens studied (Fig. 4.2A,B). No commissures were found between the synapsin 
immunoreactive ventral neurites. 
In addition, we found a pair of lateral neurites projecting from the dorsal region of 
the cerebral ganglion into the dorsal region of the larval body (Figs. 4.2, 4.3). Two 
additional pairs of neurites, which express weak signal, project from the dorsal region of 
the cerebral ganglion into the anterior region of the larva (Figs. 4.2, 4.3).  
 
Co-localization of synapsin, serotonin, and RFamide-like immunoreactivity  
Serotonin staining showed immunoreactivity in large parts of the cerebral ganglion 
including the anterior projections and the two pairs of ventral longitudinal neurites (Fig. 
4.4A). RFamide-like immunoreactivity likewise followed the bilobed gross morphology of 
the cerebral ganglion and was also found in the dorsal projections and in a single pair of 
ventral longitudinal neurites (Fig. 4.4B). Synapsin immunoreactivity was also detected in 
the cerebral ganglion, the outer pair of ventral neurites, and partially in the anterior 
projections (Fig. 4.4A). Synapsin and RFamide-like immunoreactivity co-occurred in the 
cerebral ganglion, the outer ventral neurites, and the dorsal projections (Fig. 4.4B). Thus, 
the cerebral ganglion and the outer neurites constitute the only neuronal structures in which 
all three immunoreactive molecules, i.e., the two transmitters and the regulative vesicle 
protein synapsin, were present. 
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Fig. 4.2. CLSM micrographs of the synapsin immunoreactive nervous system of the chordoid larva of 
Symbion pandora. Anterior faces left in all aspects, scale bars equal 25 μm. A: Lateral view showing the 
prominent cerebral ganglion (asterisk) with dorsal (dp) and anterior (ap) projections, as well as the outer 
ventral longitudinal neuritis (arrows). Note one of the connections to the cerebral ganglion (double 
arrowhead), an immunoreactive perikaryon (pe) of the right outer ventral neurite, and one lateral projection 
(lp) of the left outer ventral neurite. B: Dorsal view showing the dorsal (dp) and anterior (ap) projections 
from the cerebral ganglion (asterisk). Note the scattered signal in the inner neurites (arrowheads) and in the 
outer ventral longitudinal neuritis (arrows), which each split (double arrowheads) before connecting to the 
cerebral ganglion (asterisk). C: Antero-lateral aspect of the specimen shown in B. Note the exact location of 
the dorsal (dp) and anterior (ap) projections as well as the ventral longitudinal neurites (arrows), which 
connect to the cerebral ganglion (asterisk). D: Antero-ventral aspect of the specimen shown in B. Note the 
four connecting points (double arrowheads) of the outer ventral longitudinal neurites (arrows) to the cerebral 
ganglion (asterisk), as well as the inner neurites (arrowheads). 
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Fig. 4.3. 3D reconstruction of the 
synapsin immunoreactive nervous 
system of the chordoid larva of Symbion 
pandora. Anterior faces left in both 
aspects, scale bars equal 25 μm A: 
Dorsal view. B: Lateral view. Color 
code: dark blue, anterior projections; 
dark green, dorsal projections; light 
green, inner ventral longitudinal 
neurites; light blue, connections of the 
ventral longitudinal neurites to the 
cerebral ganglion; orange, lateral 
projections; red, outer ventral 
longitudinal neurites; yellow, cerebral 
ganglion. 
 
 
 
Double staining experiments did not reveal synapsin immunoreactivity in the inner 
ventral neurites of any of the analysed specimens. As expected, our double staining 
experiments show that the synapsin signal in the brain is more prominent than both 
serotonin and RFamide-like immunoreactivity (Fig. 4.4A,B). 
 
 
4.4 DISCUSSION 
 
Neuroanatomy of the chordoid larva of Symbion pandora 
Synapsin labelling revealed one pair of anterior and one pair of dorsal projections 
from the brain, which may be responsible for the innervation of the anterior ciliated bands 
and the dorsal sensory organ, respectively. Nerves that run to the anterior ciliated band had 
been described previously by TEM studies. However, although the dorsal sensory organs 
were suggested to be in close proximity of the neuropil of the brain, the neuronal structures 
innervating them had not been described before (see Funch, 1996). Furthermore, our 
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double staining experiments revealed serotonin immunoreactivity of the anterior 
projections and RFamide-like immunoreactivity of the dorsal projections. 
An additional neuronal component identified herein is the paired posterior nerve 
that projects laterally from the ventral neurites. Because of their location in the larval body, 
we speculate that these lateral projections may be responsible for the innervation of 
posterior sensory organs, the so-called lateral ciliated pits, although TEM studies 
performed earlier failed to recognise these neurons (cf. Funch, 1996). The splitting of the 
ventral neurites before they connect to the cerebral ganglion is also a novel finding. These 
inner axonal projections are synapsin immunoreactive but lack both serotonin and 
RFamide-like immunoreactivity (cf. Wanninger, 2005). 
As is the case for RFamide-like immunoreactivity, synapsin labeling was 
unambiguously observed only in the two outer (lateral), but not in the two inner 
longitudinal neurites. By contrast, serotonin is expressed in all four neurites (cf. 
Wanninger, 2005). Accordingly, double staining for synapsin and serotonin did not 
indicate co-localization of these molecules in the inner neurites, which may be due to a 
lack of synapses in the inner neurites. 
 
 
 
 
Fig. 4.4. 3D reconstructions (A, B) and CLSM micrographs (A’, A’’, B’, B’’) of neurotransmitter and 
synapsin co-localization in the chordoid larva of Symbion pandora. Anterior faces left in all aspects, scale 
bars equal 25 μm. A: 3D reconstruction of synapsin (yellow) and serotonin (green) double staining. Cell 
nuclei are labeled in blue to indicate the gross anatomy of the larva. Co-localization is observed only in the 
cerebral ganglion and partially in the anterior projections and the outer neurites. A‘: CLSM micrograph of 
the serotonergic nervous system of the same specimen as in A. A‘‘: CLSM micrograph of the synapsin 
immunoreactive components of the nervous system of the same specimen as in A. B: 3D reconstruction of 
synapsin (yellow) and RFamidelike immunoreactivity (red) double staining. Co-localization is present in the 
cerebral ganglion, the dorsal projections, and in the outer ventral neurites. Note that the anterior projections 
only express synapsin. B‘: CLSM micrograph of RFamide-like immunoreactivity of the same specimen as in 
B. B‘‘: CLSM micrograph of the synapsin immunoreactive components of the nervous system of the same 
specimen as in B. 
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Comparison with larvae of Entoprocta and Ectoprocta 
Entoprocts are a group of sessile, filter feeding spiralians with proposed close 
affinities to Cycliophora (Funch & Kristensen, 1995). Two different entoproct larval types 
are known, namely the swimming- and the creeping-type (Nielsen, 1971). In contrast to the 
cycliophoran chordoid larva, the creeping-type larva of entoprocts possesses a very 
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complex serotonergic apical organ, a serotonergic prototroch nerve ring, and exhibits a 
tetraneurous condition similar to that of basal mollusks (cf. Wanninger et al., 2007; 
Wanninger, 2008, 2009). This and numerous other cellular and ultrastructural data 
combines Entoprocta and Mollusca in the monophyletic assemblage Tetraneuralia 
(Haszprunar & Wanninger, 2008; Wanninger, 2009). Tetraneury, however, has only been 
conserved in the basal entoproct larval form, the creeping-type larva, but not in the derived 
swimming-type larva, which only has one pair of longitudinal nerves and a much simpler 
apical organ (Fuchs & Wanninger, 2008; for a discussion on proposed basal versus derived 
entoproct larval types see Nielsen, 1971) (Fig. 4.5). 
Although two pairs of longitudinal serotonergic neurites are also present in the 
cycliophoran chordoid larva, this situation differs significantly from the molluskan 
condition in that (i) the inner neurites lack RFamide-like immunoreactivity, (ii) the inner 
and outer serotonergic neurites fuse in the posterior region of the larva, and (iii) all four 
serotonergic neurites lie in the same dorsoventral plane in the chordoid larva (Wanninger, 
2005). Accordingly, the neural condition of the chordoid larva does not reflect tetraneury  
 
 
 
Fig. 4.5. Proposed ancestral character states of key neuro-anatomical features plotted on four alternative 
phylogenetic scenarios. Comparative analyses suggest an adult brain, two (maybe four) ventral neurite 
bundles, a simple larval apical organ consisting of not more than four flask-shaped serotonergic cells, and 
prototroch neurites as having been present in the last common spiralian ancestor (see Wanninger 2009). A: 
Assuming a cycliophoran-entoproct sister relationship (Zrzavý et al., 1998; Sørensen et al., 2000) implies that 
tetraneury and a complex larval apical organ evolved twice, once in the lineage leading to Mollusca and one 
in Entoprocta. B: An entoproct-mollusk clade (Tetraneuralia) as suggested by previous morphological studies 
(Bartolomaeus, 1993a,b; Ax, 1999; Wanninger et al., 2007; Haszprunar and Wanninger, 2008) is further 
supported by the existence of a complex larval apical organ and a tetraneurous nervous system in both 
groups. C: An ectoproct-entoproct assemblage (Nielsen, 1971, 2001; Zrzavý et al., 1998; Sørensen et al., 
2000) implies that four longitudinal serotonergic neurites or neurite bundles have evolved three times 
independently, namely in Cycliophora, Entoprocta, and Mollusca. In addition, the simple apical organ of the 
last common spiralian ancestor has been replaced by an anterior brain in the cycliophoran larvae and by a 
ring-like neurite in some ectoprocts. The complex apical organ evolved independently in Mollusca and 
Entoprocta. D: Assuming a cycliophoran-entoproct clade (Zrzavý et al., 1998; Sørensen et al., 2000) suggests 
four serotonergic longitudinal neurites or neurite bundles as the ancestral condition for this assemblage. The 
complex apical organ evolved independently in Entoprocta and Mollusca while the cycliophoran larvae have 
replaced the simple apical organ of the last common spiralian ancestor by an anterior bilobed brain. 
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in the strict mollusk-entoproct (i.e., tetraneuralian) sense, which is defined by one pair of 
inner ventral nerves and one pair of more dorsally situated outer nerves (Wanninger et al., 
2007, Wanninger, 2009). 
Ectoprocts exhibit two major distinct larval types, the coronate- and the 
cyphonautes-type, together with a number of intermediate larval forms (Temkin & 
Zimmer, 2002). A recent immunocytochemical study on the coronate larva of the 
gymnolaemate ectoproct Triphyllozoon mucronatum Busk, 1884, revealed that 
serotonergic and RFamide-like immunoreactive cells are missing in the apical region, but 
that instead an apical nerve ring is exhibited (Wanninger et al., 2005a). Accordingly, one 
might speculate that a hypothetical ancestral apical organ consisting of several serotonergic 
flask-shaped cells (Wanninger 2008, 2009) has independently been replaced in larval 
cycliophorans and gymnolaemate ectoprocts by a bilobed brain (in the chordoid larva) or 
an apical nerve ring (in ectoproct coronate larvae), respectively. However, the coexistence 
of distinct (flask-shaped?) cells and an apical nerve ring in the serotonergic nervous system 
of the coronate larva of another gymnolaemate ectoproct, Bugula neritina Linnaeus, 1758, 
(see Pires & Woollacott, 1997; Shimizu et al., 2000), suggests that these cells have been 
secondarily lost in T. mucronatum and that the serotonergic apical nerve ring is an 
innovation of ectoproct coronate larvae. This assumption is further supported by the fact 
that the cyphonautes larva of Membranipora only shows serotonergic cells but lacks a 
serotonergic nerve ring in the anterior body region (Hay-Schmidt, 2000). 
 
Further phylogenetic considerations 
Several recent studies on the larval nervous system of entoprocts (Wanninger et al., 
2007; Fuchs & Wanninger, 2008), basal mollusks (Friedrich et al., 2002; Voronezhskaya et 
al., 2002), nemertines (Hay-Schmidt, 1990), sipunculans (Wanninger et al., 2005b; Kristof 
et al., 2008), cycliophorans (Wanninger, 2005; this study), and polychaete annelids 
including echiurans (Hessling, 2002; Hessling & Westheide, 2002; Hessling, 2003; 
Orrhage & Müller, 2005; McDougall et al., 2006; Brinkmann & Wanninger, 2008) have 
fuelled the discussion as to how the nervous system of the last common ancestor (LCA) of 
all spiralians might have been organized. Taking these findings into account, we speculate 
that the larva of such a hypothetical LCA had a well defined apical organ, (probably 
comprising approximately four flask-shaped serotonergic cells which possibly also showed 
   Chapter 4 
85 
RFamide-like immunoreactivity), as well as a serotonergic prototroch nerve ring and two 
or more ventral nerve cords (Fig. 4.5). 
With the exception of the echiurans, cycliophorans have the only known spiralian 
larvae that lack a serotonergic or RFamide-like immunoreactive apical organ altogether 
(Hay-Schmidt, 1990; Hessling, 2002; Hessling and Westheide, 2002; Hessling, 2003; 
Wanninger, 2005; Wanninger et al., 2005b; for review see Wanninger, 2008). This 
corresponds to the overall neuroanatomical condition of the cycliophoran chordoid larva, 
which resembles much more the situation found in adult rather than larval spiralians (e.g., 
the existence of an anterior brain and lateral nerve cords; see Nielsen, 2008; Wanninger, 
2008). For example, a bilobed “brain”, from which two ventral nerves project posteriorly, 
has also been recognised by anti-serotonin staining in adult loxosomatid entoprocts, despite 
the strikingly different gross morphological bodyplan of adult entoprocts and the 
cycliophoran chordoid larva (Fuchs et al., 2006). Interestingly, a bilobed brain-like 
structure is also present in other cycliophoran life cycle stages, namely the Pandora larva, 
the female, and the dwarf male, with the latter in addition having a paired ventral 
longitudinal nerve cord (Funch & Kristensen, 1997; Obst & Funch, 2003). 
Homology of the dorsal ciliated organs of the chordoid larva and the apical organ of 
the trochophore larvae of other spiralians and/or the dorsal antenna of rotifers were 
suggested earlier (see Funch, 1996). Interestingly, the neurons innervating the dorsal 
antenna of the monogonont rotifers Platyias patulus Müller, 1786, and Euchlanis dilatata 
Ehrenberg, 1832, show RFamide-like immunoreactivity but do lack serotonin (cf. 
Kotikova et al., 2005). In two other monogononts, Notommata copeus Ehrenberg, 1834, 
and Asplanchna herricki Guerne, 1888, the innervation of the dorsal antenna does not 
express serotonin or FMRFamide-like immunoreactivity (Kotikova et al., 2005; Hochberg, 
2007). Recently, a study on the nervous system of the bdelloid rotifer Macrotrachela 
quadricornifera Milne, 1886, did not recognise any serotonergic neurons extending into 
the antenna (Leasi et al., 2009), while a region surrounding a paired structure known as the 
dorsolateral receptors is innervated by serotonergic neurites in the monogonont 
Asplanchna brightwellii Gosse, 1850 (see Hochberg, 2009). These sensory receptors are, 
however, accompanied by several other sensorial structures such as the lateral horns, which 
renders homology assessments of these structures and the dorsal organs of the chordoid 
larva somewhat difficult. 
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A number of recent comparative studies on the neurotransmitter distribution in the 
nervous system of lophotrochozoans have shown that these data may provide important 
insights into the phylogeny and evolution of various lineages (e.g., Hessling, 2002; 
Harzsch et al., 2005; Harzsch, 2006; Wanninger et al., 2007; Kristof et al., 2008; Worsaae 
& Rouse, 2008). Concerning the cycliophorans, the study of additional life-cycle stages by 
immunocytochemical methods may provide a better understanding of the phylogenetic 
placement of this enigmatic phylum within the protostome metazoans. 
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ABSTRACT Cycliophora is a recently described phylum of enigmatic metazoans with a 
very complex life cycle that includes several sexual and asexual stages. Symbion pandora 
and S. americanus are the only two cycliophoran species hitherto described, of which 
morphological and genetic knowledge is still deficient to clarify the phylogenetic position 
of the phylum. Aiming to increase the database on the cycliophoran neural architecture, we 
investigated serotonin immunoreactivity in the free swimming Pandora larva, the 
Prometheus larva, and the adult dwarf male of Symbion americanus. In the larval forms, 
serotonin is mainly expressed in a ring-shaped pattern at the periphery of the antero-dorsal 
cerebral ganglion. Additionally, several serotonergic perikarya emerge from both sides of 
the cerebral ganglion. Thin neurites project anteriorly from the cerebral ganglion, while a 
pair of ventral longitudinal neurites emerges laterally and runs along the anterior-posterior 
body axis. Posteriorly, the ventral neurites fuse and extend as a posterior projection. In the 
dwarf male, serotonin is found mainly in the commissural neuropil of the large anterior 
cerebral ganglion. In addition, serotonin immunoreactivity is present in the most anterior 
region of the ventral neurites. Comparative analysis of spiralian nervous systems 
demonstrates that the neuroanatomy of the cycliophoran larval stages resembles much 
more the situation of adult rather than larval spiralians, which may be explained by 
secondary loss of larval structures and heterochronic shift of adult components into the 
nervous system of the Pandora and the Prometheus larva, respectively. 
 
 
KEYWORDS: morphology, life cycle, evolution, phylogeny, Spiralia, Lophotrochozoa. 
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5.1 INTRODUCTION 
 
Cycliophora is one of the most recently described metazoan phyla and to date it 
only accommodates two species, Symbion pandora Funch and Kristensen, 1995, and S. 
americanus Obst, Funch and Kristensen, 2006. Cycliophorans are highly host specific; S. 
pandora lives commensally on the mouthparts of the Norway lobster, Nephrops norvegicus 
Linnaeus, 1758, whereas S. americanus is found only on the American lobster, Homarus 
americanus H. Milne-Edwards, 1837 (Funch and Kristensen 1995; Obst et al. 2006). 
However, recent molecular studies have suggested cryptic speciation in S. americanus 
(Baker and Giribet 2007; Baker et al. 2007). 
 The cycliophoran life cycle is one of the most complicated amongst metazoans and 
consists of an asexual and a sexual generation (Funch and Kristensen 1995, 1997; 
Kristensen 2002). The most prominent stage is a feeding individual that lives permanently 
attached to the host mouthparts, filtering food particles from the surrounding water 
(Riisgård et al. 2000; Funch et al. 2008). The feeding stage is able to generate, one at a 
time, a Pandora larva, a Prometheus larva or a female. Once freed, the Pandora larva settles 
very close to the maternal individual and develops asexually into a new feeding stage, thus 
completing the asexual part of the life cycle. The sexual cycle is more complicated and 
involves the Prometheus larva, which settles on a feeding stage and develops 2-3 dwarf 
males by inner budding (Neves et al. 2009a, 2010a). The dwarf males are responsible for 
fertilization of the large oocyte present in the body of the female. The female settles in 
sheltered areas on the mouthparts, probably of the same host individual (Funch and 
Kristensen 1997; Obst and Funch 2003, 2006; Obst et al. 2006). Only the adhesive disc and 
the cuticle of the inseminated female persist and form a cyst-like structure inside of which 
the embryo develops into the chordoid larva (Funch 1996). The chordoid larva hatches 
from the cyst, colonizes a new host, settles, and develops into a new feeding stage. 
 The Prometheus larva of Symbion americanus exhibits a pair of posterior 
retractable appendages, the so-called toes, that, together with deep, ring-like scars in the 
cuticle of the trunk of the feeding stages, are absent in S. pandora (Obst et al. 2006). These 
morphological differences are used to distinguish S. americanus from S. pandora, which 
otherwise show high similarity in the anatomy of their life cycle stages. A large, bilobed 
brain is located dorso-anteriorly in all free-swimming stages, i.e., the Prometheus larva, the 
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female, the male, the Pandora larva, and the chordoid larva (Funch and Kristensen 1997; 
Obst et al. 2006). The latter possesses, however, a more complex brain than the other 
stages (Funch 1996). Paired neurite bundles project dorsally and anteriorly from the brain 
of the chordoid larva of Symbion pandora and innervate dorsal sensory structures and the 
anterior ciliated band, respectively. In addition, two pairs of ventral neurites run 
longitudinally in the body of the chordoid larva and lateral projections emerge from the 
posterior region of each outermost ventral neurite (Wanninger 2005; Neves et al. 2010b). 
These projections probably innervate small, postero-lateral sensory organs (Funch 1996).  
Contrary to the chordoid larva, the main sensory structures of the Pandora larva and 
the Prometheus larva consist of anterior clusters of long compound cilia, the so-called 
frontalia and ventralia. Frontal sensory palps and a small ventro-posterior pore have been 
described for the Pandora larva and the Prometheus larva of S. americanus but not for S. 
pandora (Funch and Kristensen 1997; Obst et al. 2006). In addition, a posterior tuft of cilia 
surrounding a large pore is present in the Pandora larva of both cycliophoran species and in 
the Prometheus larva of S. americanus. This structure might constitute the exit for the 
buccal funnel from the Pandora larva, which persists in the adult feeding stage, and for the 
dwarf males from the Prometheus larva, respectively (Obst et al. 2006). 
The cycliophoran dwarf male is characterized by a large cerebral ganglion that 
occupies about one third of the body volume and is composed of a dorsolateral pair of 
ganglia (Obst & Funch 2003; Neves et al. 2009b). Both ganglia contain a cluster of 
perikarya and are interconnected by a commissural neuropil. Medially, the brain possesses 
a small anterior extension and glial cell bodies. The male nervous system also includes a 
pair of longitudinal nerves that projects latero-ventrally from the brain to the base of the 
postero-ventral penis. This penial structure may constitute a mere cirrus organ used by the 
male to pierce the female during a putative encounter. Prominent ventral and frontal 
ciliated fields cover the male body, and sensorial tufts of cilia are situated laterally and 
frontally. Additional sensorial elements are the frontal palps and the dorsal papilla (Obst 
and Funch 2003; Obst et al. 2006; Neves et al. 2009b). 
To date, the neuroanatomy of the feeding stage is the least resolved of all life cycle 
stages. For Symbion pandora, the existence of a ganglion at the base of the buccal funnel 
and another ganglion partially surrounding the oesophagus, as suggested by earlier studies 
based on light microscopy, have never been confirmed by transmission electron 
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microscopy analyses (Funch and Kristensen, 1997). By contrast, only thin nerve fibers 
were found at the base and laterally to the buccal funnel, as well as in the vicinity of the 
anus. Concerning S. americanus, a mass of nervous tissue situated at the base of the buccal 
funnel was interpreted as the cerebral ganglion (Obst et la., 2006). Additional detailed 
research is thus necessary to assess these observations. 
In the original description, cycliophorans were considered to be phylogenetically 
related to Entoprocta and Ectoprocta (Funch and Kristensen 1995). Since then, several 
studies have suggested a relationship to gnathiferan taxa (Winnepenninckx et al. 1998; 
Giribet et al. 2000, 2004; Peterson and Eernisse 2001; Zrzavý et al. 2001; Zrzavý 2002), or 
Entoprocta alone (Zrzavý et al. 1998; Sørensen et al. 2000; Obst 2003; Passamanek and 
Halanych 2006). Interestingly, recent molecular studies suggest Ectoprocta as the sister 
group of a cycliophoran-entoproct assemblage (Paps et al. 2009; Hejnol et al. 2009), a 
hypothesis that is not supported by morphological data. Additional information on the 
morphology of crucial organ systems of the various life cycle stages is therefore essential 
to assess the molecular-based hypotheses on the phyletic relationships of Cycliophora. As 
for the nervous system, some light (LM), transmission electron microscopy (TEM), and 
immunocytochemical data are currently available, but are restricted to selected life cycle 
stages (Funch 1996; Funch and Kristensen 1997; Obst and Funch 2003; Obst et al. 2006; 
Wanninger 2005; Neves et al. 2010b). In order to increase the database on the distribution 
of neurotransmitters in the nervous system of cycliophorans we describe herein serotonin 
immunoreactivity in the Pandora larva, the Prometheus larva and the dwarf male of 
Symbion americanus and compare our data to those on the chordoid larva of S. pandora 
and to phyla currently considered potential cycliophoran sister groups. Potential homology 
of character states between Cycliophora and other spiralian taxa is critically assessed with 
the aim to shed more light on the evolution of the phylum. 
 
 
5.2 MATERIALS AND METHODS 
 
Collection of specimens and fixation 
Specimens of the American lobster, Homarus americanus, were collected off the 
coast of Maine (USA) between October 1st and 15th, 2006 and on May 14th, 2009 by local 
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fishermen. Mouthparts were dissected from the hosts and placed in Petri dishes with 
seawater and feeding stages with attached Prometheus larvae were isolated. Alternatively, 
setae with the epizoic cycliophorans were gently shaved and transferred to 6-well culture 
plates with seawater. Both sets were kept inside a refrigerator at 5ºC, with water changed 
every other day. Within several days, crawling Pandora and Prometheus larvae were found 
and collected with a Pasteur pipette. All specimens were narcotized by adding drops of a 
7% MgCl2 solution and fixed for 30 min at room temperature in freshly prepared 4% 
paraformaldehyde (PFA) in 0.1M PBS. After that, specimens were washed 3 × 15 min in 
phosphate buffered saline (PBS) containing 0.1% sodium azide (NaN3) and subsequently 
stored at 4°C.  
 
Immunolabelling 
For serotonin staining, antibodies were applied following protocols described 
earlier (Wanninger 2005; Neves et al. 2010b). The Pandora and Prometheus larvae were 
permeabilized for 1 h at 4ºC in 0.1 M PBS containing 5% Triton X-100 and 0.1% NaN3 (= 
PBT). Then, unspecific binding sites were blocked for 24 h at 4ºC in 6% normal goat 
serum (Sigma, Brøndby, Denmark) in PBT (= PTA). Sexually mature dwarf males were 
dissected out of the Prometheus larva prior to permeabilization. The polyclonal anti-
serotonin antibody from rabbit (Immunostar, Hudson, USA) was diluted in PTA and 
applied at a 1:500 working concentration for 24 h at 4ºC. The specimens were 
subsequently rinsed four times over 6 h at 4°C in PTA and were then incubated in a goat 
anti-rabbit Alexa Fluor 594 antibody (Invitrogen, Molecular Probes, Eugene, USA) diluted 
1:400 in PTA for 24 h at 4°C. This was followed by four washes overnight in 0.1 M PBS. 
For serotonin and acetylated α-tubulin double labelling, incubations with the primary 
antibodies were performed using the anti-serotonin antibody from rabbit (dilution 1:500) 
mixed with an anti-acetylated α-tubulin antibody from mouse (Sigma, Brøndby, Denmark, 
dilution 1:500) in PTA for 24 h at 4ºC. Secondary antibodies were applied in a solution 
that included the goat anti-rabbit Alexa Fluor 594 antibody (dilution 1:400) and a goat anti-
mouse Alexa Fluor 488 antibody (Invitrogen, Molecular Probes, Eugene, USA; dilution 
1:300). To visualize cell nuclei, specimens were incubated in PBS with DAPI (Invitrogen, 
Taastrup, Denmark) at a final concentration of 5 µg/ml for 30 min at room temperature. 
Finally, specimens were washed 3 × 15 min in PBS and embedded on glass slides in either 
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Fluoromount G (SouthernBiotech, Birmingham, USA) or Vectashield (Vector 
Laboratories, Burlingame, USA). Nine Pandora larvae and six Prometheus larvae were 
analyzed after a single serotonin labelling experiment, and six Pandora larvae and five 
Prometheus larvae were double labelled with fluorescence-coupled antibodies directed 
against serotonin and acetylated α-tubulin. Twelve dwarf males were analyzed after a 
serotonin and acetylated α-tubulin double labelling experiment. All experiments showed 
consistent results. Negative controls were performed by omitting either the primary or the 
secondary antibody against serotonin and yielded no specific signal.  
 
Confocal laserscanning microscopy and 3D imaging  
Analysis was performed with a Leica DM IRBE microscope equipped with a Leica 
TCS SP2 confocal laserscanning unit (Leica, Wetzlar, Germany). Optical sections were 
generated with a Z-step size ranging between 0.28 µm and 0.32 µm and the resulting 
stacks were merged into maximum projection images. The image stacks were processed 
with the image editing software Imaris v. 5.7.2 (Bitplane AG, Zürich, Switzerland) to 
create the 3D surface-rendered models.  
 
Scanning electron microscopy 
PFA-fixed Pandora larvae and Prometheus larvae of Symbion americanus were 
post-fixed in 1% OsO4 for 1 h at room temperature and subsequently washed with distilled 
water. Afterwards, specimens were dehydrated by gradually stepping them into 100% 
acetone and critical point dried using a BAL-TEC 030 dryer (Bal-Tec AG, Balzers, 
Liechtenstein) with carbon dioxide as intermediate. Finally, the specimens were mounted 
on aluminium stubs with sticky carbon pads and sputter-coated with platinum/palladium 
alloy. Because of their minute size, PFA-fixed males were concentrated on a Millipore 
filter (12 µm pore size) using a Swinnex filter holder (Millipore, Massachusetts, USA). 
The membrane with the attached males was mounted on the sticky carbon pads and 
sputter-coated after post-fixation, dehydration, and critical point drying as described above. 
Alternatively, dwarf males were attached to poly-L-lysine-coated coverslips (solution 
0.01%, molecular weight 150,000-300,000; Sigma-Aldrich, Brøndby, Denmark). 
Specimens were post-fixed with OsO4, dehydrated in an ethanol series, and immersed in 
hexamethyldisilazane (Sigma-Aldrich, Brøndby, Denmark) for about 12 h in a desiccator. 
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After that, the coverslip with the dwarf males was allowed to dry inside the desiccator for 
approx. 15 min. Then, the coverslips were mounted on aluminium stubs and sputter-coated. 
All specimens were analysed and digitally photographed using a JEOL JSM-6335F or a 
JSM-840 field emission scanning electron microscope (Jeol, Tokyo, Japan). 
 
 
5.3 RESULTS 
 
Gross morphology of the Pandora larva and the Prometheus larva 
The external morphology of the Pandora larva and the Prometheus larva shows a 
ventral ciliated field and a posterior ciliated tuft (Fig. 5.1A,C). In addition, a pair of 
posterior toes is present in the Prometheus larva (Fig. 5.1C,D). All Pandora larvae have a 
newly formed buccal funnel inside (Fig. 5.1B), thus corroborating the findings of the 
original description of S. americanus (cf. Obst et al. 2006). Orientation of the Prometheus 
larva is given following earlier descriptions with the ciliated side marking ventral and the 
swimming direction indicating anterior (Obst and Funch, 2003).  
 
The serotonergic nervous system of the Pandora larva 
Serotonin immunoreactivity in the Pandora larva of Symbion americanus is found 
mainly in the antero-dorsal cerebral ganglion, which is revealed as a bilateral ring-shaped 
structure (Fig. 5.2A-C,E). Several perikarya (most likely three) emerge from both sides of 
the cerebral ganglion; two perikarya with long cell extensions project latero-posteriorly 
adjacent to each other, and a single perikaryon emerges posteriorly. Thin neurites project 
anteriorly and antero-ventrally from the cerebral ganglion (Fig. 5.2A-C,E). An additional 
unpaired structure with weak serotonergic signal emerges mid-posteriorly from the 
cerebral ganglion (Fig. 5.2A-C). A serotonergic neurite originates latero-posteriorly from 
both sides of the cerebral ganglion and runs ventrally along the anterior-posterior axis of 
the larva. The two ventral neurites interconnect at the posteriormost region of the larval 
body and are extended by short posterior projections (Fig. 5.2A-E). An additional 
serotonergic region is found in the posteriormost third of the larval body, where cilia from 
the buccal funnel are located (Fig. 5.2A,C,D). This signal probably stems from 
serotonergic neurites present in the buccal funnel. Double stained specimens also show that  
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Fig. 5.1. The free-swimming Pandora larva (A and B) and Prometheus larva (C and D) of Symbion 
americanus. Scanning electron (A, C and D), and light (B) micrographs. Anterior faces left in both aspects. 
A: Pandora larva, ventral view. This larval form possesses a large, antero-ventral ciliated field (vc) and a 
posterior ciliated tuft (pc) as locomotive organs. B: Dorsal view. Note the buccal funnel (bf) in the posterior 
region of the larval body. C: Lateral view. A pair of retractable appendages, the so-called toes (to), is located 
posteriorly. A large antero-ventral ciliated field (vc) and a posterior tuft of cilia (pc) serve as locomotive 
organs. D: Dorsal view. 
 
the cerebral ganglion and the anterior neurites are located in the region of the ventral 
ciliated field, and that the posterior extensions of the ventral neurites terminate in the 
region of the posterior ciliated tuft (Fig. 5.2C and F). 
 
The serotonergic nervous system of the Prometheus larva 
The overall architecture of the serotonergic nervous system of the Prometheus larva 
is highly similar to that of the Pandora larva. Serotonin immunoreactivity is most 
prominent in a ring-shaped pattern in the commissures and perikarya of the antero-dorsally  
Serotonin immunoreactivity in cycliophorans   
100 
 
 
located cerebral ganglion (Fig. 5.3A-E). On both sides of the cerebral ganglion, one pair of 
perikarya protrudes in postero-lateral and an additional perikaryon in posterior direction. 
Thin serotonergic neurites project anteriorly from the cerebral ganglion towards the 
anteriormost pole and in the antero-ventral regions of the larval body (Fig. 5.3A,B,D,E). 
As in the Pandora larva, an unpaired structure with weak serotonergic immunoreactivity is 
found emerging mid-posteriorly from the cerebral ganglion (Fig. 5.3A-D). A single pair of 
ventral serotonergic neurites runs longitudinally along the body axis, connecting each other 
in the posteriormost region of the larval body (Fig. 5.3A-E). Posterior projections extend 
the ventral neurites beyond the joining point where they interconnect in the posteriormost 
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region (Fig. 5.3A,B,D,E). Serotonergic neurites innervating the toes were not found in any 
of the twelve specimens analyzed. Anteriorly, both ventral neurites connect latero-
posteriorly to the cerebral ganglion. 
Double stained specimens confirm the location of the cerebral ganglion and anterior 
neurites in the region of the ventral ciliated field and the posterior extensions of the ventral 
neurites in the region of the posterior ciliated tuft (Fig. 5.3D,F). A third set of cilia is found 
in the median region of the larval body. These cilia most probably belong to one or two 
developing dwarf males, in which serotonin expression is still lacking (Fig. 5.3D). 
 
Gross morphology and serotonergic nervous system of the dwarf male 
The gross morphology of the dwarf male investigated in this study is in accordance 
with previous descriptions (cf. Obst et al. 2006; Neves et al. 2009b). Frontal and ventral 
ciliated fields as well as a lateral sensory organ are very prominent and a postero-ventrally 
located penis is present in all specimens (Fig. 5.4A,B). Serotonin immunoreactivity in the 
 
 
 
Fig. 5.2. The serotonergic nervous system of the Pandora larva of Symbion americanus. Maximum projection 
images of confocal microscopy stacks (A-D) and 3D reconstructions (E, F). Anterior faces left in all aspects. 
A: Dorsal view showing the ring-shaped serotonergic cerebral ganglion from which several (probably three) 
serotonergic perikarya (pe) project latero-posteriorly and thin neurites project anteriorly (double arrows). A 
commissure (arrowhead) lines the posteriormost part of the ring-shaped pattern. Note the ventral longitudinal 
neurites (arrows) emerging laterally from the cerebral ganglion and converging at the posteriormost region of 
the larval body. Short neurites project posteriorly from the point of convergence (double arrowheads). 
Serotonergic neurites are present in the buccal funnel (bfn). An asterisk marks a putative glandular structure. 
B: Dorsal view. Detail of the ring-shaped serotonergic cerebral ganglion with several serotonergic perikaria 
(pe) emerging laterally, and thin neurites projecting anteriorly (double arrows). C: Ventro-lateral view. 
Double stained specimen; cilia labelled green. Note the large antero-ventral ciliated field (vc) and a small 
posterior tuft of cilia (pc). Cilia inside the buccal funnel (bc) and gut (gc) are also stained. Serotonergic 
neurites are found in the buccal funnel (bfn). D: Ventral view. Double stained specimen; cilia labelled green. 
Detail of the developing digestive system with cilia inside the buccal funnel (bc) and the gut (gc). Note the 
serotonergic neurites in the buccal funnel (bfn). E: Ventral view. Somatic nuclei indicate the outline of the 
larval body (grey). F: Lateral view of a double stained specimen. Colour code for E and F: green, cilia; grey, 
nuclei; light blue, ventral longitudinal neurites; orange, posterior projections; magenta, anterior projections; 
red, perikarya; yellow, cerebral ganglion. 
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nervous system of the dwarf male is detected mainly in the cerebral ganglion. The 
respective signal is revealed as a thin, sickle-shaped pattern that is confined to the 
commissural neuropil of the cerebral ganglion (Fig. 5.5A-E). Serotonin is also expressed in 
the latero-ventral neurites, which extend posteriorly from the cerebral ganglion until the 
region antero-lateral to the testis (Fig. 5.5D-F). The immunoreactive signal originating 
from these extensions is scattered and weaker than that observed in the cerebral ganglion.  
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Fig. 5.4. The dwarf male of Symbion americanus, scanning electron micrographs. Anterior faces left in all 
aspects. A: Ventral view showing the large ventral ciliated field (vc) and the ventro-posterior location of the 
penis (pe). B: Lateral view with the long cilia that compose the lateral sensorial organ (ls). Note the frontal 
ciliated field (fc) which covers approximately one third of the dorsal region of the male body. 
 
 
 
 
Fig. 5.3. The serotonergic nervous system of the Prometheus larva of Symbion americanus. Maximum 
projection images of confocal microscopy stacks (A-D) and 3D reconstructions (E, F). Anterior faces left in 
all aspects. A: Dorsal view showing the ring-shaped serotonergic cerebral ganglion with several serotonergic 
perikaria (pe) emerging latero-anteriorly and thin neurites projecting anteriorly (double arrows). A 
commissure (arrowhead) lines the posteriormost part of the ring-shaped pattern. Ventral longitudinal neurites 
(arrows) emerge laterally from the cerebral ganglion and converge at the posteriormost region of the larval 
body. Note that short neurites project posteriorly from that point of convergence (double arrowheads). 
Asterisk marks a putative glandular structure. B: Ventral view. Note that immunoreactivity appears weaker in 
the point of convergence of the ventral longitudinal neurites than in the specimens shown in A and D. C: 
Dorsal view. Detail of the ring-shaped serotonergic cerebral ganglion with several serotonergic perikarya (pe) 
emerging laterally. Note the several serotonergic commissures (arrowheads). D: Dorsal view. Double stained 
specimen; cilia labelled green. Note the large, antero-ventral ciliated field and the small posterior tuft of cilia. 
The small ciliated areas (dc) located in the mid-part of the larval body belong to developing dwarf males. 
Note the strong serotonin signal from the putative glandular structure (asterisk). E: Ventral view. Somatic 
nuclei (grey) indicate the outline of the larval body. F: Lateral view of a double stained specimen. Colour 
code for E and F: green, cilia; grey, nuclei; light blue, ventral longitudinal neurites; orange, posterior 
projections; magenta, anterior projections; red, perikarya; yellow, cerebral ganglion. 
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5.4 DISCUSSION 
 
Comparison of the serotonergic nervous system of the three cycliophoran larval 
types: the Pandora larva, the Prometheus larva, and the chordoid larva 
Earlier studies have pointed out the similarities between the nervous system of the 
Pandora larva and the Prometheus larva (Funch and Kristensen 1997; Obst et al. 2006). 
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According to these descriptions, a bilobed cerebral ganglion with two large clusters of 
ganglion cells is located dorso-anteriorly in both larval types, although no further details on 
the peripheral nervous system were provided. Our data show a number of congruencies in 
the serotonin distribution of both larvae, thus corroborating the original descriptions. 
Accordingly, a serotonergic ring is found at the periphery of the cerebral ganglion of both 
larval types. Moreover, the peripheral serotonergic nervous system and the presence of 
several serotonergic perikarya protruding from the cerebral ganglion constitute additional 
similarities. The anterior projections from the cerebral ganglion described herein may be 
responsible for the innervation of the ventral ciliated field and/or the sensory cilia and 
palps of both larval types (Funch and Kristensen 1997; Obst et al. 2006). The posterior 
projections emerging from the joining point of the two ventral neurites may constitute the 
innervation of the posterior ciliated tuft that characterizes these larvae. The structures with 
weak serotonergic signal that emerge from the median region of the cerebral ganglion of 
the Prometheus larva and the Pandora larva are intriguing. Since no ultrastructural details 
are available for any of the two larval types, further studies are necessary to clarify from 
which structure this signal stems. 
The internal body organization of the Prometheus larva and the Pandora larva differ 
from each other, and this is also reflected in their different roles in the cycliophoran life 
cycle. The Pandora larva generates a buccal funnel inside its body, while the Prometheus 
larva produces one to three dwarf males. Nonetheless, the external morphology is very  
 
 
 
Fig. 5.5. The serotonergic nervous system of the dwarf male of Symbion americanus. CLSM projections of 
triple labelled specimens for serotonin (red), cilia (green), and nuclei (blue) (A-D), and 3D reconstructions 
(E, F). Anterior faces left in all aspects. A: Ventral view showing the sickle shaped part of the neuropil of the 
serotonergic ganglion (ce). Note the ventral longitudinal neurites (vn) emerging from the serotonergic 
cerebral ganglion. B: Same specimen as in A. Note the position of the serotonergic nervous system relative to 
the ventral ciliated field (vc) and the lateral sensory organ (ls). Somatic cell nuclei (sn) indicate the outline of 
the larval body. C: Dorso-lateral view showing the serotonergic cerebral ganglion (ce) and the ventral 
longitudinal neurites (vn). D: Same specimen as in C. Note the position of the serotonergic nervous system 
relative to the frontal ciliated fields (fc). White dots line the testes. E: Dorsal view. F: Lateral view. Colour 
code for E and F: dark blue, cilia of sperm cells; green, locomotive and sensorial cilia; grey, somatic cell 
nuclei; light blue, ventral longitudinal neurites; orange, sperm cell nuclei; yellow, cerebral ganglion. 
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similar concerning locomotive and sensory organs and this may explain the similarities in  
the organization of the nervous system of both larvae. Similarities between the nervous 
system of the Pandora larva, the Prometheus larva, and the female were also pointed out in 
earlier studies (Funch and Kristensen 1997; Obst et al. 2006). Although then no details 
were known about the peripheral nervous system, the brain was considered highly similar 
in all those free swimming stages, which contributed to the view of the female as a 
neotenic adult (Funch and Kristensen 1997). 
The cycliophoran chordoid larva was originally described as a modified 
trochophore, although a typical spiralian apical organ is absent (Funch, 1996). The nervous 
system of this larval stage in Symbion pandora is well studied at the immunocytochemical 
level; serotonin immunoreactivity is found in the bilobed cerebral ganglion, its anterior 
projections, and in two pairs of longitudinal ventral neurites (Wanninger 2005; Neves et al. 
2010b). Different from the condition found in the Pandora larva and the Prometheus larva 
of S. americanus, no lateral perikarya protrude from the cerebral ganglion of the chordoid 
larva of S. pandora. Therefore, the serotonergic cerebral ganglion of the Pandora larva and 
the Prometheus larva differ significantly from that of the chordoid larva. Moreover, the 
latter larva has four distinct ventral neurites that fuse posteriorly, while the others have 
only two. 
 
Serotonin immunoreactivity and neuroanatomy of the dwarf male 
Since the dwarf male is characterized by a cerebral ganglion of relatively large size 
with respect to its entire body volume (Obst and Funch 2003), the serotonin distribution we 
found was somewhat unexpected. Contrary to the larval stages, serotonin in the cerebral 
ganglion of the male is confined to the median commissural neuropil. Moreover, serotonin 
immunoreactivity in the male did not reveal the presence of thin neurites projecting antero-
ventrally from the cerebral ganglion, as found in the Pandora larva and the Prometheus 
larva.  
The ventral longitudinal neurites of the dwarf male were described in earlier studies 
as extending from the cerebral ganglion towards the base of the penial structure (Obst and 
Funch 2003). These ventral neurites have been proposed to innervate the several muscles 
situated in the posterior region of the male body, particularly in the vicinity of the penis 
(see also Neves et al. 2009a; Neves et al. 2009b; Neves et al. 2010a). Our results, however, 
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show that serotonin immunoreactivity in the ventral longitudinal neurites is only present 
until the posterior end of the ventral ciliated field, which coincides with the tip of the penis. 
Therefore, serotonin seems to be present only in the anterior half of the ventral neurites. 
Since a posterior ciliated tuft is absent in the dwarf male, this finding supports our 
assumption that this structure is innervated by the ventral neurites in the Pandora and the 
Prometheus larva. 
 
Cycliophoran and spiralian neuroanatomy 
The neuroanatomy of the various cycliophoran life cycle stages was initially 
studied only by light and transmission electron microscopy, but recent approaches using 
immunocytochemistry in combination with confocal laserscanning microscopy have 
increased the amount of data and revealed previously unknown neural features (see Table 
5.1 and references therein). These data suggest that a bilobed cerebral ganglion with 
anterior projections and a pair of ventral longitudinal neurites are part of the 
neuroanatomical ground pattern of larval cycliophorans. 
A number of spiralians have recently been studied at the immunocytochemical 
level, including entoprocts (Fuchs et al. 2006; Wanninger et al. 2007; Fuchs and 
Wanninger 2008), nemertines (Hay-Schmidt 1990), mollusks (Friedrich et al. 2002; 
Voronezhskaya et al. 2002), sipunculans (Wanninger et al. 2005, 2009; Kristof et al. 2008), 
the incertae sedis genus Diurodrilus (Worsaae & Rouse, 2008), and polychaete annelids 
including echiurans (Hessling 2002, 2003; Hessling and Westheide 2002; Orrhage and 
Müller 2005; McDougall et al. 2006; Brinkmann and Wanninger 2008, 2009). 
Accordingly, most spiralian larvae are characterized by having an apical organ with four 
serotonergic flask shaped cells and a nerve ring that innervates the prototroch (reviewed in 
Wanninger 2009). All these structures are absent in larval cycliophorans, which thus 
possess no obvious spiralian larval neural features. In polychaetes, one pair of ventral 
nerve cords with commissures form the early rudiments of the adult ventral nervous 
system, even if the adults have more than two (e.g., annelids; Brinkmann and Wanninger 
2008) or only a single ventral nerve cord (as in echiurans and sipunculans; Hessling 2002, 
2003; Kristof et al. 2008). A pair of ventral nerve cords has thus been considered as part of 
the neuroanatomy of the last common spiralian ancestor (Wanninger 2009). However, 
modifications from this hypothetical ground pattern have occurred in several spiralian
10
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lineages, e.g., in the tetraneural condition found in mollusks and the creeping-type larva of 
entoprocts (Friedrich et al. 2002; Voronezhskaya et al. 2002; Wanninger et al. 2007). The 
cycliophoran chordoid larva exhibits an intermediate condition, since it has four 
serotonergic ventral neurites that fuse in the posteriormost third of the larval body into one 
single pair, with both neurites being interconnected by a terminal commissure (Wanninger 
2005). Contrary to this, the ventral neurites of the Pandora larva and the Prometheus larva 
have no commissures and fuse in the posteriormost region of the larval body. This 
condition, together with the presence of an anterior, bilateral cerebral ganglion and the lack 
of an apical organ, resembles much more the situation found in adult rather than larval 
spiralians (cf. Nielsen 2008). Accordingly, it appears that specific spiralian larval neural 
features, such as an apical organ with few (probably four) serotonergic flask shaped cells 
and a nerve ring that innervates the prototroch, were secondarily lost in cycliophoran 
larvae (see Wanninger 2009). 
In the future, the anatomy and distribution of immunoreactive substances in the 
nervous system of the feeding stage and female should be comprehensively studied. This 
will permit further comparisons with other lophotrochozoan taxa and could result in further 
insights into the evolution of Cycliophora. 
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ABSTRACT Complexity of metazoan bodyplans is commonly assumed to be correlated to 
the absolute number of cells and the number of cell types present in a species. Sexually 
mature individuals of the smallest free-living animals have a minimum of several hundred 
somatic cells, and only secondarily simplified parasitic or commensal species range below 
this threshold. Males of the two hitherto described representatives of the phylum 
Cycliophora, with a body length of about 40 μm, are among the smallest existing free-
living metazoans, yet they exhibit an amazingly complex bodyplan. Herein, we show that 
only a few dozen cells account for this complexity. We conclude therefore that metazoan 
complexity is not obligatorily correlated with body size or with the overall cell number of 
an individual. Accordingly, the earliest multicellular animals on Earth, which most 
probably were small individuals, may have had more complex bodyplans than commonly 
assumed.  
 
KEYWORDS: confocal microscopy, transmission electron microscopy, phalloidin, body 
plan, Metazoa. 
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6.1 INTRODUCTION 
 
For a metazoan species, the absolute number of cells and the number of cell types 
present is usually thought to indicate the complexity of its bodyplan (Bell and Mooers, 
1997). Adults of the smallest free-living, nonparasitic multicellular animals such as rotifers 
and nematodes have a minimum of several hundred cells (Bell and Mooers, 1997), and 
even the placozoan Trichoplax adhaerens, with the simplest body organization of all free-
living, nonparasitic eumetazoans, is composed of more than 300 cells (Bell and Mooers, 
1997, Syed and Schierwater, 2002). Sexually mature individuals with cell numbers below 
this threshold have so far been reported only from secondarily simplified, commensal, or 
parasitic species with very simple bodyplans, such as the mesozoan dicyemids, which live 
in the kidneys of benthic cephalopods and consist of only 10 to 40 cells (Furuya and 
Tsuneki, 2003), and the myxozoans, which have a sac-shaped or plasmodial phenotype 
(Kent et al., 2001).  
 As one of the most recently discovered animal phyla, Cycliophora (Funch and 
Kristensen, 1995) to date comprises only two described species, Symbion pandora Funch 
and Kristensen, 1995, and S. americanus Obst, Funch and Kristensen, 2006. S. pandora 
lives attached to the mouthparts of the Norway lobster, Nephrops norvegicus, whereas S. 
americanus is found on the American lobster, Homarus americanus. Both species exhibit a 
highly complex life cycle with numerous stages, including a dwarf male (Figs. 6.1, 6.2A) 
that develops inside a stage known as the Prometheus larva (Fig. 6.2D) (Obst and Funch, 
2003). Although only about 30 – 40 μm in size, these males show a sophisticated bodyplan 
that includes a highly complex musculature (Fig. 6.2C). Moreover, earlier transmission 
electron  microscopy studies showed that a central nervous system comprising a large 
cerebral ganglion and a pair of ventral longitudinal nerve cords, as well as fully developed 
gonads, sensory organs, mating structures, and various types of glands, are present in these 
animals (Obst and Funch, 2003). 
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Fig. 6.1. Anatomy of the free-swimming cycliophoran dwarf male. Line drawing based on light, electron, and 
confocal microscopy data from Obst and Funch (2003) and Neves et al. (2009). Lateral view, anterior faces 
to the left. Scale bar represents 10 μm. cg, cerebral glands; dp, dorsal papilla; dvm, dorsoventral muscles; fc, 
frontal ciliated field; fp, frontal palp; fs, frontal sensoria; ga, cerebral ganglion; hm, horseshoe-shaped 
muscles; ivm, innermost ventrolateral muscle; ls, lateral sensoria; mg, medial glands; ne, nerve; ovm, 
outermost ventrolateral muscle; pe, penial structure; pg, prostate glands; psm, posterior short muscles; sp, 
sperm cells; te, testis; vc, ventral ciliated field; vm, V-shaped ventral muscle; xm, X-shaped dorsal muscle. 
 
 
6.2 RESULTS AND DISCUSSION 
 
 When the number of cells in 14 sexually mature males of Symbion pandora and 19 
males of S. americanus was determined using DNA staining techniques in combination 
with confocal lasers canning and electron microscopy (Fig. 6.2B–D), the entire sexually 
mature individual was shown to be composed of an average of 52 and 59 cells, 
respectively. The number of cells of 12 males of S. pandora ranged between 34 and 64 
cells. Only two individuals had more than 75 cells (namely 78 and 84). The number of  
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Fig. 6.2. The sexually mature dwarf males of the cycliophorans Symbion americanus (A, B) and S. pandora 
(C, D). All aspects are in ventral view except D, which is a cross section. Anterior faces to the left. Scale bars 
represent 5 μm. A: Scanning electron micrograph. The gross morphology of the male includes a frontal (fc) 
and a ventral (vc) ciliated field as well as lateral sensoria (ls). A penial structure (pe) is found in 
ventroposterior position. B: 3D reconstruction of the arrangement of the nuclei of somatic (blue) and sperm 
(green) cells based on a Z-stack of confocal micrographs. The specimen was stained with the nucleic acid 
stain DAPI. C: 3D reconstruction showing the architecture of the musculature (yellow) and the arrangement 
of the nuclei of somatic (blue) and sperm (green) cells based on a Z-stack of confocal micrographs. The 
specimen was double-stained with DAPI for cell nuclei and with fluorochrome-coupled phalloidin for F-
actin. D: Transmission electron micrograph of a longitudinal section of a male inside a Prometheus larva (pl). 
Cerebral (cg) and medial (mg) glands are observed anteriorly and medially, respectively, in the larva. The 
bilobed cerebral ganglion (ga) is located anteriorly. The cuticular penial sheath (ps) is situated posteriorly to 
the testis (te), which are recognized by the presence of sperm cells (lined with green). Nuclei of somatic cells 
are lined with blue. fc, frontal ciliated field. 
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cells in 16 S. americanus males ranged between 30 and 60, and only three specimens had 
more than 100 cells (106, 142, and 170). These cell numbers are all significantly lower 
than that of any other free-living, sexually mature metazoan of comparable bodyplan 
complexity. For example, the male of the polychaete annelid Dinophilus gyrociliatus, with 
a body length of about 50 μm, is composed of more than 300 somatic cells, of which 68 
alone contribute to the nervous system (Windoffer and Westheide, 1988); and the 
loriciferans, which are in the size range of meiobenthic ciliated protozoa (115–383 μm), 
have more than 10,000 cells (Kristensen, 1991). 
 While a precise and generally accepted definition of how animal complexity may 
be quantified is still lacking (McShea, 1996; Adami, 2002), several authors have suggested 
using “structural hierarchy” as an appropriate marker, despite the absence of an objective 
way to measure these values (McShea, 2001). This is mainly due to the fact that this 
problem is “as much philosophical as it is scientific” (Hall and Hallgrimsson, 2008). 
Accordingly, we do not aim herein at providing a sound, objective definition for animal 
complexity as such, but rather use “complexity” as a relative term by comparing (i) the 
number of morphological features in an animal and (ii) the structural arrangement of these 
features that shape the animal’s bodyplan. Thus we consider an animal that exhibits 
structural diversity such as, for example, a three-dimensionally arranged musculature, 
sensory organs, and a centralized nervous system as more complex than an organism that 
lacks these features. Relating given bodyplan features to the absolute number of somatic 
cells in a species, we find that the cycliophoran dwarf male shows by far the most 
sophisticated bodyplan of any animal with a comparably low number of cells.  
 The average cell number of the male cycliophorans is even lower than that of most 
simplified parasitic species with a much simpler bodyplan (Bell and Mooers, 1997). Given 
that cycliophoran males are free-living, nonparasitic individuals, this constitutes the most 
drastic example known in the Animal Kingdom of how complex bodyplan morphologies 
may be constructed by only a few dozen cells. We conclude that metazoan complexity is 
obligatorily correlated neither to body size nor to the overall number of cells of an 
individual. Therefore, the earliest multicellular animals on Earth, most probably small-
sized individuals, may have had much more complex body morphologies than commonly 
assumed, a notion that is corroborated by recent analysis of basal metazoan groups such as 
Placozoa (Srivastava et al., 2008). Despite its very simple bodyplan, the model placozoan 
  Chapter 6 
121 
Trichoplax adhaerens has a genome that encodes for a plethora of transcription factors and 
signaling pathways associated with cell-type specification and developmental processes in 
much more complex eumetazoans. Since the number of cell types of Trichoplax is 
considerably lower (four) than that of higher metazoans (e.g., more than 200 in human), it 
appears probable that placozoans possess cryptic subtypes of cells (Valentine et al., 1994). 
Cycliophorans are assumed to possess 15 cell-types (Valentine, 2004). Most notably, the 
other cycliophoran life cycle stages all have many more cells than the dwarf male – several 
hundreds or even thousands – although the bodyplan of the dwarf male is at least as 
complex as that of the other stages (Obst and Funch, 2003; Funch and Kristensen, 1997; 
Neves et al., 2009). Therefore, we believe that the description of the cycliophoran genome 
may provide the key to our understanding of how such a complex bodyplan may be 
established by only a few dozens of cells.  
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ABSTRACT Cycliophora is a recently described phylum to which only two species have 
been assigned so far, Symbion pandora and S. americanus. The cycliophoran life cycle is 
complex and alternates between asexual and sexual stages. Although not recognized as an 
entirely independent free-swimming stage when the phylum was first described, the dwarf 
male has a remarkably complex bodyplan albeit its very small size (approx. 30-40 m in 
length). Aiming to increase the knowledge on the gross morphology of the cycliophoran 
dwarf male, specimens from S. pandora and S. americanus were analyzed by scanning 
electron microscopy. In both species, anterior and ventral ciliated fields, as well as paired 
lateral sensorial organs were identified, thus confirming previous observations. However, 
new details are described herein such as the penial pouch that encloses the penis. We 
compare our findings on both Symbion species with the data currently available and other 
metazoan dwarf males. 
 
KEYWORDS: sexual reproduction, life cycle, scanning electron microscopy, Spiralia, 
Lophotrochozoa. 
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7.1 INTRODUCTION 
 
Cycliophora is a metazoan phylum recently erected to accommodate minute marine 
invertebrates that live commensally on clawed lobsters. So far, only two species have been 
described, Symbion pandora Funch and Kristensen, 1995 and Symbion americanus Obst, 
Funch & Kristensen, 2006, which live on the mouthparts of the Norwegian lobster 
Nephrops norvegicus Linnaeus, 1758, and the American lobster, Homarus americanus H. 
Milne-Edwards, 1837, respectively. However, cryptic speciation has been suggested for S. 
americanus by recent molecular studies (Obst et al., 2005; Baker & Giribet, 2007; Baker et 
al., 2007). 
 Cycliophorans are characterized by a very complex life cycle that alternates 
between a sexual and an asexual phase, involving various stages. The most prominent 
stage is the sessile feeding stage, which lives attached to the setae of the host lobster and 
filters small food particles from the water (Funch et al., 2008). This stage generates several 
other life cycle stages by internal budding (Funch & Kristensen, 1995, 1997; Kristensen, 
2002). Feeding individuals are capable of producing Pandora larvae, Prometheus larvae, or 
females, one at a time, inside a brood chamber. These stages are later released to 
commence a free-swimming life style. In the asexual phase of the life cycle the Pandora 
larva settles close to the maternal feeding stage and develops asexually into a new feeding 
stage. In the sexual phase of the life cycle a free male stage, the Prometheus larva, settles 
on the trunk of a feeding stage, probably the maternal individual. The Prometheus larva 
then produces 1-3 dwarf males inside its body. The dwarf male is regarded as a free stage 
and is morphologically characterized by a heavy ciliated body and a ventral-posterior 
penis, among other features (Obst and Funch, 2003). The fertilized female is thought to 
settle on the mouthparts of the same host where it encysts (Funch, 1996). A dispersal stage, 
the chordoid larva, hatches from this cyst, settles on a new host individual, and develops 
into a new feeding stage.  
The phylogenetic position of Cycliophora has been unclear ever since its original 
description, in which a relationship to Entoprocta and Ectoprocta had been hypothesized 
(cf. Funch & Kristensen, 1995). More recently, several studies have suggested a close 
relationship to either Entoprocta (e.g., Zrzavý et al., 1998; Sørensen et al., 2000; Obst, 
2003; Funch et al., 2005; Passamanek & Halanych, 2006; Paps et al., 2009; Hejnol et al., 
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2009) or gnathiferan taxa such as Rotifera (e.g., Winnepenninckx et al., 1998; Giribet et 
al., 2000; Peterson & Eernisse, 2001; Giribet et al., 2004; Glenner, 2004). Because of the 
incongruent data from gene sequence analyses, further details on the morphology of all life 
cycle stages are needed for a better understanding of the cycliophoran phylogenetic 
interrelationships.  
The cycliophoran dwarf male has already been described using light and electron 
microscopy, and at the cytochemical level using confocal laserscanning microscopy 
(Funch and Kristensen, 1997; Obst and Funch, 2003; Neves et al., 2009a, 2009b, 2010). 
However, only one male of Symbion pandora has so far been described by scanning 
electron microscopy, and its external morphology was apparently altered during the freeze-
drying technique used to prepare specimens (cf. Obst and Funch, 2003). Also the high loss 
of specimens during preparation, due to the minute size of the males, limited the success of 
this approach. In the study presented herein, we compare the external morphology of the 
dwarf males of S. pandora and S. americanus.  
 
 
7.2 MATERIALS AND METHODS 
 
Feeding stages with attached Prometheus larvae of the cycliophoran species 
Symbion pandora were obtained from mouth parts of Norway lobsters, Nephrops 
norvegicus, collected off the coast of Sagres, Portugal (January 23rd, 2008) by local 
fishermen. Cycliophorans of the species S. americanus were obtained from mouth parts of 
the American lobster, Hommarus americanus, collected from Maine (USA; between 
October 1st and 15th, 2006). After fixation for 1h in 4% paraformaldehyde (PFA) in 0.1M 
phosphate buffer (PBS), specimens were washed 3×15 min in 0.1M PBS containing 0.1% 
sodium azide and stored at 4ºC.  
PFA-fixed males of Symbion americanus were washed in distilled water and 
concentrated on a Millipore filter (12 mm pore size) using a Swinnex filter (Millipore, 
Massachusetts, USA) holder to minimize the loss of specimens. The specimens were then 
post-fixed in 1% OsO4 for 1h at room temperature, and subsequently washed with distilled 
water. Afterwards, specimens were dehydrated in an ethanol and an acetone series and 
critical point dried (CPD) using carbon dioxide. Finally, the membrane with the attached 
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animals was mounted on an aluminium stub with sticky carbon pads, and sputter-coated 
with platinum/palladium alloy. Alternatively, dwarf males of S. americanus and S. 
pandora were attached to circular coverslides coated with poly-L-lysine (solution 0.01%, 
molecular weight 150,000-300,000; Sigma-Aldrich, Brøndby, Denmark). After post-
fixation with OsO4 as described above, the specimens were dehydrated in an ethanol series 
and immersed in hexamethyldisilazane (HMDS) (Sigma-Aldrich, Brøndby, Denmark) for 
about 12 hours in a desiccator. Finally, the coverslides with the dwarf males were allowed 
to dry inside the desiccator for approx. 15 minutes, mounted on an aluminium stub, and 
sputter-coated as described above. All specimens were analysed and digitally 
photographed using a JEOL JSM-6335F field emission scanning electron microscope 
(Tokyo, Japan). 
 
 
7.3 RESULTS AND DISCUSSION 
 
The external morphology of 10 specimens of Symbion pandora and 16 specimens 
of S. americanus investigated herein showed the typical features that characterize the 
cycliophoran dwarf male (Figs. 7.1, 7.2), including the anterior and ventral ciliated fields, 
the paired lateral sensory organ, and the ventral-posterior penis (see Obst and Funch 2003; 
Obst et al., 2006). The penis is located inside a pouch-like structure, which is laterally 
constricted and forms an elongated slit at the cuticle level (Figs. 7.1A,B, 7.2A,B). Only the 
tip of the penis is protruding from the penial pouch. The body region at the base of the 
penis, in the posterior-most end of the slit, is the only difference between males from the 
two cycliophoran species. In S. pandora the cuticle at the base of the penis shows some 
ridges (Fig. 7.1B), whereas the same structure in S. americanus is smooth (Fig. 7.2B). This 
fact was observed for all specimens investigated and is consistent even for the different 
drying processes used in this study. No differences were recognized in any other structure 
due to the different drying processes.  
 In both cycliophoran species, a ventral ciliated field starts in the very anterior end 
of the body of the dwarf male and extends posteriorly until the beginning of the penial 
pouch (Figs. 7.1A, 7.2A). No clearly distinguishable longitudinal rows of cilia are found in 
the somewhat horseshoe-shaped ventral ciliated field. An additional distinct ciliated field 
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Fig. 7.1. Symbion pandora, dwarf male. Anterior faces to the left in all aspects. A: Ventral view. The tip of 
the penis (arrow) is extruded while the base is hidden inside the lumen (double arrowhead) of the penial 
pouch (pp). The lateral sensoria (ls) are composed of long cilia. B: Close-up of the penial pouch of the 
specimen shown in a. Note the ridges (arrowheads) of the cuticle in the region at the base of the penis (cb). 
C: Dorsal view. D: Lateral view. The frontal ciliated (fc) field extends dorsally, covering the anterior-most 
third of the male body, and a ventral ciliated field (vc) spans from the most anterior body region until the 
penial pouch. 
 
likewise emerges in anterior position. This is a frontal ciliated field that spans dorsally 
clearly through the most anterior third of the male body length (Figs. 7.1C,D, 7.2C,D) and 
is separated from the ventral ciliated field by a depression. Sensory cilia located laterally as 
an extension from the frontal ciliated field are found to be very long (10-15 μm) in S. 
pandora and S. americanus (Figs. 7.1A,C,D, 7.2A,C,D). The non-ciliated parts of the male 
integument do not exhibit the typical polygonal sculpture observed in other cycliophoran  
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Fig. 7.2. Symbion americanus, free male. Anterior faces to the left in all aspects. A: Ventral view. The penis 
(arrow) lies inside the lumen (double arrowhead) of the penial pouch (pp). Long cilia compose the lateral 
sensoria (ls). B: Close-up of the penial pouch of a specimen in ventral view. Note that the cuticle in the 
region at the base of the penis (cb) is devoid of ridges. C: Dorsal view. D: Ventro-lateral view. The frontal 
ciliated (fc) field covers the dorsal side in the anterior-most third of the male body. On the ventral side, a 
ciliated field (vc) spans from the anterior-most part of the body until the penial pouch. 
 
 
life cycle stages (e.g., the feeding stage). Different shapes of the body of the dwarf male 
were found for both species. Some specimens have a roundish, oval body (Figs. 
7.1A,7.2A), whereas other specimens present a more elongated, rectangular shape (Fig. 
7.1C, 7.2C). 
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Our results corroborate the view of the dwarf male as a totally independent stage in 
the life cycle of both hitherto described cycliophoran species. The external phenotype of 
dwarf males of the two species, Symbion pandora and S. americanus, is very similar. The 
main difference noticed is related to the cuticle at the base of the penis, which shows some 
ridges in S. pandora but not in S. americanus. Interestingly, the presence of those ridges in 
S. pandora is confirmed by transmission electron microscopy (cf. Obst and Funch 2003). 
However, there are no data available on the ultrastructure of males of the species S. 
americanus, which makes further comparisons between both species impossible. Since the 
ridges were neither observed in HMDS- nor in CPD-dried specimens of S. americanus, this 
finding is apparently not caused by the different drying processes used for each species. 
 Earlier descriptions of the dwarf male of Symbion pandora and S. americanus 
revealed details of sensory elements other than the lateral sensory cilia (Obst and Funch 
2003, Obst et al. 2006). In S. pandora a frontal sensorial organ was identified by TEM but 
not by SEM, and several palps and a tactile papilla (Fig. 7.3) were described only for one 
specimen using SEM. Frontal palps were also described for S. americanus (Obst et al. 
2006). These sensorial structures could not be identified in any of the males of S. pandora 
or S. americanus in our study. However, our results do not argue against the existence of 
such structures since the frontal ciliated field is very dense and the structures mentioned 
are possibly covered by cilia. 
 The various shapes found for the male body were already observed in previous 
studies under light microscopy (RCN pers. obs.). Since the external morphology is not 
distinct among males with different shapes, all specimens should be fully formed, i.e., at 
the same developmental phase. Thus, the differences found in the shape of the male body 
are not indicative of any physiological constraints. It is possible that those differences are 
related to the number of males developed at the same time and the exact position they 
adopt inside the attached Prometheus larva.  
 
External morphology and functional implications 
In the original description of Cycliophora, the extremely reduced dwarf male had 
not been recognized as a free swimming, independent stage. Instead, an intermediate stage, 
now termed the Prometheus larva, was originally proposed as the free mature male (cf. 
Funch and Kristensen 1995, 1997). The cycliophoran dwarf male is now known to have a 
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sophisticated bodyplan that includes a highly complex musculature, a relatively large 
brain, a pair of ventral longitudinal nerve cords, fully developed gonads and mating 
structures, sensory organs, and various types of glands (Fig. 7.3). Accordingly, the details 
on the external morphology as presented herein strengthen the view of the cycliophoran 
dwarf male as a free swimming stage with an important role during sexual reproduction. 
So far, fertilization in cycliophorans has never been observed and questions such as 
when, where, and how this process occurs remain unanswered. The presence in the male of 
extensive locomotory ciliated fields together with the elongated sensory cilia and an 
elaborated muscle architecture are indicative of its swimming and crawling capabilities 
(Fig. 7.3). Therefore, these locomotory and sensory structures might be necessary for the 
male to carry out its role in the reproductive process, i.e., find the female and copulate 
(Funch and Kristensen 1999, Obst and Funch 2003). It is possible that the transfer of sperm 
cells takes place during the encounter of the male with the female while free swimming 
stages. The mechanisms involved in the transfer of the sperm cells to the oocytes, however, 
remains unknown. 
The penis of the dwarf male of both species is a cuticular hollow tube without any 
aperture at the very distal end (Fig. 7.3; see also Obst and Funch 2003). The intriguing 
question is how the sperm cells exit the male body through the penial structure. The fact 
that the tip of the penis is less than one third of the diameter of the sperm cells raises the 
possibility that this organ serves as an anchoring device that facilitates copulation rather 
than being a true copulatory organ (Obst and Funch 2003). The anchoring cirrus organ 
could then be used by the male to momentarily pierce the female and somehow liberate the 
sperm cells from the inside of its body. Both hypotheses are supported by the fact that a 
complex set of muscles are present in the posterior body region in connection with the base 
of the penial (or anchoring?) structure (Funch and Kristensen 1997, Obst and Funch 2003, 
Neves et al. 2009b). 
The penial pouch in which the penis lies is a newly described feature for the 
cycliophoran dwarf male. This structure may be very important during the release of sperm 
cells by the cycliophoran dwarf male. If, however, the penis would be shown to be an 
anchoring organ, the penial pouch may act as a receptaculum where the sperm cells 
accumulate before being transferred to the female’s body. This assumption is obviously 
speculative but based on the aforementioned morphological details of the penial structure. 
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Fig. 7.3. Line drawing of the cycliophoran dwarf male (reprinted with permission from Neves et al., 2009b). 
Lateral view, anterior faces to the left. Scale bar represents 10 μm. cg, cerebral glands; dm, dorsal muscle; 
dp, dorsal papilla; dvm, dorsoventral muscles; fc, frontal ciliated field; fp, frontal palp; fs, frontal sensoria; 
ga, cerebral ganglion; hm, horseshoe-shaped muscles; ls, lateral sensoria; mg, medial glands; pe, penial 
structure; pg, prostate glands; psm, posterior short muscles; pp, penial pouch; sp, sperm cells; te, testis; vc, 
ventral ciliated field; vlm, ventrolateral muscles. 
 
  
The cycliophoran male compared to other metazoan dwarf males 
Dwarf males are known from several metazoan lineages such as echiurans, 
polychaetes, siboglinids, monogonont rotifers, barnacles, and spiders (Windoffer and 
Westheide 1988, Ricci and Melone 1998, Rouse et al. 2004, for reviews see Gilbert and 
Williamson 1983, Volrath 1998). Frequently in textbooks (e.g., Ruppert et al. 2004), dwarf 
males are described as rudimentary sexual intervening forms that are only equipped with 
the strictly necessary structures to seek a female and copulate. The cycliophoran dwarf 
male, however, has a very complex body architecture (cf. Funch and Kristensen 1997, Obst 
and Funch 2003, Neves et al. 2009b). The location of the penis inside a pouch is to our 
knowledge a new feature among metazoan dwarf males. In some cases, the penial structure 
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is found inside the body (e.g., in polychaetes or monogonont rotifers; see Windoffer and 
Westheide 1988, Clément and Wurdak, 1991) or may be entirely absent (e.g., in echiurans 
or the siboglinid Osedax; Schuchert and Rieger 1990, Rouse et al. 2004, Worsaae and 
Rouse 2010). Therefore, more data are necessary to clarify the male-female interaction and 
the true function of the penial structure and the penial pouch. 
In the future, males of both Symbion species should be compared at the 
ultrastructural level. A better understanding of, e.g., spermatogenesis and sperm 
morphology will permit further comparisons with other lophotrochozoan taxa, which could 
result in further insights into the phylogenetic placement and evolution of Cycliophora. 
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ABSTRACT Knowledge on the morphology of the cycliophoran female has mostly been 
based on observations of immature females in brood chambers of feeding stages. With the 
use of light- and transmission electron microscopy the morphology and ultrastructure of 
the free and fully mature female of Cycliophora is described for the first time herein. The 
external morphology is characterized by a ciliation consisting of an antero-ventral ciliated 
field, a posterior ciliated tuft, and four sensory structures extending anteriorly from the 
antero-ventral ciliated field. In addition, an external small ciliated round structure situated 
mid-ventrally in the body is interpreted as a gonopore. Internally, a bilateral cerebral 
ganglion is situated in the anterior region and a large oocyte is located medially in the 
body. Several glands are present anteriorly, while posteriorly a pair of glands is associated 
with the ciliated tuft. Dorsal and ventral longitudinal muscles, as well as, dorso-ventral 
muscles are identified by electron microscopy. Muscle fibers attach to the endocuticle via 
the epidermis, by means of attachment fibers. An unknown endosymbiont is present 
throughout the body of the female. We discuss the functional implications of the 
morphological and ultrastructural aspects of the cycliophoran female. Finally, we compare 
this life cycle stage with that from other phyla, suggested as phylogenetically close. 
 
KEYWORDS: Symbion pandora, Symbion sp., gonopore, body plan, evolution, Spiralia, 
Lophotrochozoa. 
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8.1 INTRODUCTION 
Cycliophorans constitute a group of microscopic commensals that live attached to 
the mouth parts of clawed lobsters. Known by several zoologists since the late 1960’s, 
these epizooics have been originally interpreted as rotifers due to superficial similarities 
between both organisms. However, ultrastructural studies revealed several characters, e.g., 
a true body cuticle, inner budding, and a chordoid muscular organ in one of the larval 
stages, which are not found in rotifers and were used to establish a phylum, Cyliophora, in 
1995 (Funch and Kristensen, 1995, 1997; Funch, 1996).  
So far, Cycliophora accommodates only two described species (Funch and 
Kristensen, 1995; Obst et al., 2006). Symbion pandora Funch and Kristensen, 1995 lives 
on the Norway lobster, Nephrops norvegicus Linnaeus 1758 and Symbion americanus 
Obst, Funch and Kristensen 2006 lives on the American lobster, Homarus americanus H. 
Milne-Edwards 1837. However, a still undescribed cycliophoran species lives on the 
European lobster, Homarus gammarus Linnaeus 1758 (see Funch and Kristensen, 1997) 
and recent findings have suggested the existence of cryptic species (Obst et al., 2005; 
Baker and Giribet, 2007; Baker et al., 2007). The complete cycliophoran life cycle takes 
place in the segmental mouthparts of the host (Obst and Funch, 2005). In this sheltering 
microenvironment, various sexual and asexual stages alternate in a complex succession of 
events (Funch and Kristensen, 1995, 1997; Kristensen, 2002). 
The most dominant stage in the cycliophoran life cycle is a sessile feeding 
individual, which is the only stage equipped with a ciliated feeding organ and a digestive 
tract. The ciliated organ is a mouth ring that opens when the host starts feeding, in order to 
filter minute food particles suspended in the water (Funch et al., 2008). This feeding stage 
generates asexually, one at a time, different other free-living stages inside a brooding 
chamber (Funch and Kristensen, 1995, 1997). These are the Pandora larva, the Prometheus 
larva, and the female. Once freed, the Pandora larva settles close to other feeding 
individuals and develops asexually into a new feeding stage. In the sexual part of the life 
cycle, the free-living Prometheus larva settles on a feeding stage and develops 1-3 dwarf 
males inside its body. The liberated female crawls towards the lateral, sheltered areas of 
the mouth parts to settle down (Obst and Funch, 2005).  
Fertilization of the oocyte has been suggested to take place during or after the 
release of the female from the feeding stage, although a close contact with a free dwarf 
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male is yet to be observed (Funch and Kristensen, 1999; Obst and Funch, 2003). Other 
hypothesis suggests that sperm cells are hypodermically introduced by the male before the 
female escapes from the feeding stage (Funch and Kristensen, 1999). The free-living 
female use sensory structures to select an adequate place for attachment and settles with 
the anterior ciliated field, which forms an adhesive disk. During this process, the content of 
several adhesive glands is secreted (Funch and Kristensen, 1997). After the settlement, the 
fertilized female encysts and only its adhesive disc and cuticle will persist to originate the 
intermediate stage known as the chordoid cyst (Funch, 1996). The embryo developing 
inside the encysted female is nourished by its degenerative body and originates the so-
called chordoid larva, which hatches and settles on a new host to develop into a new 
feeding stage.  
Aiming to add new information on the anatomical ground pattern of Cycliophora 
and better understand adaptations to their commensalistic life style, we describe herein 
new details on the gross morphology and ultrastructure of the female, e.g., the frontal 
sensory organs, a gonopore-like structure, and glands associated with the posterior ciliated 
tuft. 
 
 
8.2 MATERIALS AND METHODS 
 
Animal collection and light microscopy 
Specimens of the Norway lobster, Nephrops norvegicus, were collected from 
Kaldbak Fjord (Faroe Islands) in February, 1994 and from Kristineberg (Sweden) in July, 
2008. Mouthparts from the lobsters with several specimens of Symbion pandora attached 
were dissected from the hosts and placed in Petri dishes with natural seawater. After a few 
hours, females were found crawling at the bottom of the Petri dish, caught with a fine 
Pasteur pipette or an Irwin loop and mounted in seawater on microscope slides. Specimens 
were then studied alive with an interference phase contrast (Nomarski) microscope 
(Olympus BX60) using magnifications between 100× – 1000×, and recorded with a video 
camera (Kappa CF 11/3) connected to a video recorder (Panasonic NV-HS800EC). 
Following live observations, specimens were fixed in 4% formaldehyde (buffered with 
Borax) and mounted on microslides with the fixative, which was replaced by a solution of 
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2% glycerol in distilled water. Over several days, that solution evaporated to glycerol and 
the preparations were sealed with Glyceel®. Illustrations of the female were performed 
with the aid of camera lucida from the whole-mounted preparations. In addition, 
mouthparts of the European Lobster, Homarus gammarus, collected from Kristineberg 
(Sweden) in July, 2002 were inspected for the presence of cycliophorans. Females found 
were processed as described above for S. pandora. 
 
Transmission electron microscopy 
Several females were fixed in dialdehyde in 0.1 M sucrose cacodylate buffer for 1 h 
at 20ºC. The dialdehyde consisted of 2.9% glutaraldehyde, 2.0% formaldehyde, 1.25% sea 
water and 2.6% dimethyl sulphoxide (DMSO) in 0.1 M sodium cacodylate buffer (pH 7.4) 
(Lake 1973). Afterwards, specimens were postfixed in 1% osmium tetroxide with 0.1 M 
sodium cacodylate buffer for 1 h at 20°C. After fixation the specimens were dehydrated in 
an ethanol series, transferred to propylene oxide, and embedded in EPON 812 (TAAB, 
Berkshire, UK). Ultrathin sections were cut on a Reichert OM 43 ultramicrotome, stained 
with uranyl acetate and lead citrate (Reynolds, 1963). Finally, sections from two specimens 
were examined with a JEOL JEM-100SX transmission electron microscope. 
 
 
8.3 RESULTS 
The female stage lacks a digestive tract or sensory structures that could be used as 
conventional body markers for gross morphology descriptions. Therefore, the ciliated side 
will be defined as ventral and the direction of swimming indicates the anterior end of the 
body.  
 
Integument  
Ciliation. The female possesses 3 ciliated areas (Figs. 8.1, 8.2, 8.4). The major one is the 
anteriorly located ventral ciliated field (Figs. 8.1, 8.3-8.6, 8.8A,B, 8.9), which is 
approximately circular. A small gonopore-like structure is located ventrally, approximately 
in line with the medially located oocyte (Figs. 8.1, 8.4, 8.6, 8.10). The gonopore possesses 
cilia within a roughly circular ring, which is approx. 3 µm in diameter (Figs. 8.1, 8.6). In 
addition, a dense tuft of cilia with a diameter of approximately 7 µm is located at the  
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Fig. 8.1. Line drawing of a cycliophoran female elongated while crawling. Ventral view, anterior faces left. 
The anterior ciliation consists of an anteroventral ciliated field (vc) used in locomotion and frontal (fs) and 
ventral sensorial organs (vs). A bilateral cerebral ganglion (ce) is located anteriorly in the body. Ventral 
longitudinal neurites (vn) emerge laterally from the cerebral ganglion and converge at the posteriormost 
region of the body, probably to innervate the posterior ciliated tuft (pc). Additional neurites emerge anteriorly 
and laterally to innervate the sensory organs. A prominent oocyte (oo) is located in the mid-region of the 
body and aligned with a putative gonopore (go). Supportive cells (sc) are present between the gonoduct and 
the oocyte. Several auxiliary cells (ac) situated posteriorly to the oocyte may be responsible for its nutrition. 
Ventral (vg) and lateral glands (lg) are present anteriorly, while posteriorly there are paired accessory genital 
glands (ag) and posterior glands (pg). 
 
 
posteriormost end of the female body (Figs. 8.1, 8.4, 8.7, 8.16, 8.17). Cilia from all ciliated 
structures showed a normal 9+2 microtubular arrangement with no differential staining of 
the tips. 
Cuticle. The female cuticle has a polygonal arrangement and consists of a thick procuticle 
outlined by a thin epicuticle, as found in the other life cycle stages (Fig. 8.11). The 
epicuticle is composed by an outer electron dense band and two bilayered laminae, while 
the procuticle is granular and varies between 0.3-2 µm in thickness. A dorsal shield with 
longitudinal ridges of thick cuticle extends posteriorly from the antero-ventral ciliated field 
until the medial constriction (Figs. 8.4, 8.9, 8.12). Short wrinkles of the cuticle are present 
solely on the ventral surface at the posteriormost region of the body, close to the ciliated 
tuft (Figs. 8.4, 8.21). 
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Fig. 8.2. Free-swimming females of Symbion pandora. Light micrographs, anterior faces left in all aspects. 
A: Dorsal view. A prominent oocyte (oo) is situated internally in the mid-body region. Note that several 
auxiliary cells (ac) are located posteriorly to the oocyte. Ventral (vg) and lateral glands (lg) run antero-
laterally in the body.  B: Dorsal view. Same individual as in A. Dorsal glands (dg) are located mid-anteriorly 
in the female body. C: Ventral view. A putative gonoduct (gd?) is present anteriorly to the oocyte. 
Abbreviations: ce, cerebral ganglion; vc, ventral ciliated field; vs, ventral sensory organ. 
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Fig. 8.3. Free-swimming female of the undescribed Symbion sp. from Homarus gammarus. Same individual 
as in Figs. 8.5-8.7. Light micrograph. Lateral view, anterior faces left. Note the dorsal shield (ds) and the 
anterior constriction (co), which is probably the result of circle and dorso-ventral muscles contracting. 
Abbreviations: ac, auxiliary cells; oo, oocyte; vc, ventral ciliated field. 
 
 
 
Fig. 8.4. Line drawing of a female based on the specimen shown in Fig. 8.3. Anterior faces left. Several 
auxiliary cells (ac) are located posteriorly to the oocyte (oo). Note the position of the gonopore (go), which is 
aligned with the oocyte. Abbreviations: ag, accessory genital glands; ce, cerebral ganglion; dg, dorsal glands; 
ds, dorsal shield; fs, frontal sensorial structure; lg, lateral glands; pc, posterior ciliated tuft; pg, posterior 
glands; vc, ventral ciliated field; vg, ventral glands; vn, ventral longitudinal neurite; vs, ventral sensorial 
structure; wr, short wrinkles of the cuticle. 
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Fig. 8.5. Close-up of the anterior region 
of the female body. Light micrograph. 
Dorsal view, anterior faces left. Frontal 
(fs) and ventral sensory structures (vs) 
emerge from the ventral ciliated field 
(vc). Note the large oocyte (oo) located 
posteriorly to the dorsal glands (dg) and 
between the lateral glands (lg). 
 
Fig. 8.6. Close-up of the mid-region 
of the female body. Light 
micrograph, ventral view. The 
putative circular gonopore (arrow) is 
located posteriorly to the ventral 
ciliated field (vc). 
Fig. 8.7. Close-up of the posterior 
ciliated tuft (pc) situated at the 
posteriormost region of the female 
body. Light micrograph. 
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Fig. 8.8. Transmission electron micrographs of the anterior body region. Symbion pandora. A: Cross section 
in the region of the ventral ciliated field (vc). B: The frontal sensory organ is composed by a group of 12-13 
cilia (arrow) surrounded by several microvilli (arrowheads). C: Close-up of a gland outlet. Note the 
microvilli (double arrowheads) lining the outlet. Abbreviations: ci, cilia from the ventral ciliated field; cu, 
cuticle; vg, ventral gland. 
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Fig. 8.9. Transmission electron micrograph of a cross section at the anterior region of the body. Symbion 
pandora. Note the prominent bilateral cerebral ganglion (ce). Several glands are located laterally (lg) and 
dorsally (dg) in the body. Abbreviations: cu, cuticle; dv, dorso-ventral muscle; vc, ventral ciliated field. 
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Fig. 8.10. Transmission electron micrographs of a putative gonopore in the mid-body region of the female. 
Symbion pandora. A: The putative gonopore is located ventrally and aligned with the oocyte (oo). A 
gonoduct leading from the gonopore to the oocyte and nerves innervating the gonopore are absent. B: Close-
up of the posterior region of the gonopore. Note that this structure is lined with several cilia (ci). C: Close-up 
of the anterior region of the gonopore. D: Body region anterior to the putative gonopore. Cilia from the 
gonopore are still present. Abbreviations: bb, basal bodies of the cilia; cu, cuticle, mt, mitochondria. 
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Fig. 8.11. Transmission electron micrographs of the female body cuticle. Symbion pandora. A: The cuticle is 
composed of a thick procuticle (pc) and an epicuticle (ec) arranged in adjacent polygons. A circular muscle 
(mu) attaches to the procuticle via electron dense fibers (af). B: The epicuticle is composed of an external 
electron dense layer that is followed by two bilayered laminae (arrows). 
 
 
Nervous system 
A large bilobed cerebral ganglion is located anteriorly in the female body (Figs. 8.1, 8.4, 
8.9). A pair of longitudinal neurites emerges laterally from both sides of the cerebral 
ganglion. Both longitudinal neurites run ventrally towards the posteriormost region of the 
female body where they fuse each other (Figs. 8.1, 8.4). Additionally, anterior projections 
from the brain probably innervate the sensory ciliated organs (Figs. 8.1, 8.4). Information 
on the ventral longitudinal neurites and the anterior projections are based on preliminary 
immunostaining experiments (see Neves et al., 2010). 
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Sensory Elements 
Sensilla. Four bundles of long cilia are located anteriorly and arranged in an equally 
spaced semicircle across the anteroventral ciliated field (Figs. 8.1, 8.3-8.5). The composing 
cilia show the typical 9+2 arrangement of microtubules. Each bundle consists of about 13 
cilia arranged in a rough oval, and the base is surrounded by microvili (Fig. 8.8B). 
 
Glands 
Dorsal glands. A pair of large glands is located dorsally to the cerebral ganglion, running 
anteriorly to the antero-ventral ciliated field (Figs. 8.2, 8.4, 8.5, 8.9, 8.12). These glands 
contain optically hyaline, round vesicles, which appear electron dense under the 
transmission electron microscope (TEM). 
Ventral glands. Another pair of large glands is located near the ventral ciliated field, 
running laterally close to the cuticle and along the margin of the ventral ciliated field (Figs. 
8.1, 8.2, 8.4, 8.9, 8.12). The ventral glands contain hyaline round vesicles that appear 
electron dense under the TEM. The outlets of the ventral glands are approximately 1 µm in 
diameter, and are surrounded by 24 microvilli (Fig. 8.8C). 
Lateral glands. A pair of lateral glands runs laterally to the ventral glands from the 
anteriormost region of the body until the oocyte (Figs. 8.1, 8.4, 8.5, 8.13, 8.15). The 
vesicles composing these glands are round and appear electron dense under the TEM, as 
those observed in the dorsal and ventral glands. 
Posterior glands. A pair of glands is associated with the posterior tuft of cilia (Fig. 8.16). 
Each gland possesses its own outlet, which is approximately 3 µm in length (Fig. 8.17). 
The containing vesicles are either round and stippled or oval and electron dense in 
appearance (Fig. 8.18). 
 
Reproductive organs 
Gonopore A circular gonopore-like structure of approx. 3 µm in diameter is located 
medially on the ventral side of the female body (Figs. 8.1, 8.4, 8.10). The gonopore-like 
structure lines a ciliated depression in the cuticle of the female body. Although a 
throughout structure for the conductance of sperm was not found, several supportive cells 
are present between the gonoduct and the oocyte (Figs. 8.1, 8.2, 8.10).  
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Oocyte. A single, large oocyte is the most prominent feature observed inside the body of 
the cycliophoran female (Figs. 8.1-8.5, 8.6, 8.10A). The oocyte is situated in the anterior 
half of the female body, aligned with the gonopore-like structure. The mature oocyte is ca. 
18.5-21 µm in diameter and appears granular with an electron dense nucleolus (Figs. 8.13, 
8.14, 8.15A). Polar bodies have not been found. Short cytoplasmic extensions emerge 
posteriorly from the oocyte onto cells located in its vicinity (Fig. 8.14A). These cells are 
probably responsible for providing a supplement of nutrients to the oocyte and are thus 
named auxiliary cells (Fig. 8.15). The cytoplasm of the auxiliary cells appears granulate 
under the TEM although electron translucent areas are present. Embryogenesis in 
cycliophorans starts after the fertilization of the oocyte, although this process is still 
unknown. During this study a settled female was found with an embryo composed of 8 
cells, of which 4 are micromeres and 4 are macromeres (Figs. 8.19, 8.20).  
 
Musculature 
Two dorso-ventral muscle fibers emerge from the region of the antero-ventral ciliated field 
and run dorsally to attach to the cuticle in the region of the dorsal shield (Figs. 8.9, 8.12). 
The attachment point is approximately in the middle region of the dorsal shield, coinciding 
with the thickest cuticular ridge. A dorsal muscle fiber runs longitudinally from the dorsal 
shield until the posteriormost region of the female body (Figs. 8.21A,B). A pair of ventro-
lateral muscles runs longitudinally along the anterior-posterior axis of the body. Both 
dorsal and ventral longitudinal muscles converge posteriorly forming a dorso-ventral 
muscular structure that appears with an “inverse-Y” shape (Fig. 8.21A). Muscle fibers 
attach to the endocuticle via the epidermis, by means of attachment fibers (Fig. 8.22).  
 
Endosymbiont 
An endosymbiont of approximately 4 µm in diameter is present throughout the body of the 
female (Figs. 8.21a, 8.13, 8.15, 8.23). Interestingly, a high number of these endosymbionts 
aggregate in the vicinity of the posterior glands (Figs. 8.16, 8.17). The endosymbiont 
contain a nucleus with a double layered nuclear membrane and more than one chloroplast 
(Figs. 8.23 and 8.24).  
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Fig. 8.12. Transmission electron micrograph of a cross section at the anterior region of the female body. 
Symbion pandora. The epicuticle is absent in the region of the ventral ciliated field (vc). Note the paired 
muscle fibers running dorso-ventrally (arrowheads). Several glands are observed dorsally (dg), ventrally (vg) 
and laterally (lg) in the body. Abbreviation: cu, cuticle.  
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Fig. 8.13. Transmission electron micrograph of a cross section at the mid-region of the female body.  
Symbion pandora. The large oocyte (oo) is located ventrally in the body. Note the presence of several 
endosymbionts (en). Abbreviations: cu, cuticle; lg, lateral glands. 
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Fig. 8.14. Transmission electron micrographs of the oocyte along the posterior-anterior axis of the female 
body. Symbion pandora. A: Posteriormost region. The thick, electron dense shell cuticle of the oocyte lines 
several cytoplasmic offshoots (of). B: Overview of a mid-region of the oocyte and its nucleus (nu). C: 
Closeup of the cytoplasm (cy) lined by the shell cuticle (sh). D: An electron dense basal membrane 
(arrowheads) lines both sides of the shell cuticle. E: Close-up of the single nucleolus (no). Its electron dense 
appearance is due to the presence of heterochromatin. F: Overview of the oocyte at an anterior section where 
the nucleolus is absent. G: Close-up of the nucleus shown in F. H: Overview of the oocyte at an anterior 
section where the nucleus is absent. I: Close-up of the shell cuticle lining the cytoplasm. J: Anteriormost 
region of the oocyte. The cytoplasm is not seen at this level. Abbreviation: en, endosymbiont.  
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Fig. 8.15. Transmission electron micrographs of the auxiliary cells. Symbion pandora. A: Overview showing 
the ventrally located oocyte (oo) and its auxiliary cells (ac).  B-C: Close-up of the auxiliary cells. Note the 
granulate, electron translucent aspect of the cytoplasm of these cells (cy). Abbreviations: en, endosymbiont; 
lg, lateral glands; nu, nucleus; oo, oocyte; sh, shell cuticle of the oocyte.  
 
 
 
The cycliophoran female   
158 
 
Fig. 8.16. Transmission electron micrograph of a cross section of the posterior ciliated tuft. Symbion 
pandora.  Two posterior glands (pg1 and pg2) with separate outlets (ou) are associated to the ciliated tuft. 
Note the presence of several endosymbionts (en) located dorsally to the posterior glands. Two muscles (mu) 
are situated laterally to the posterior ciliated tuft. Abbreviations: ci, cilia; cu, cuticle; mt, mitochondria. 
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Fig. 8.17. Transmission electron micrograph of a cross section of the posterior ciliated tuft. Symbion 
pandora. Several endosymbionts (en) are located just dorsally to the posterior glands. Note the long outlet 
(ou) from posterior gland 2 (pg2). Abbreviations: ci, cilia; cu, cuticle; pg1, posterior gland 1; mu, muscles. 
 
 
  
The cycliophoran female   
160 
 
Fig. 8.18. Transmission electron micrographs of the posterior ciliated tuft and its associated glands. Symbion 
pandora. A: Secretory vesicles from the posterior gland 2 (pg2). B: Outlets (ou) from posterior glands 1 and 
2 (pg1 and pg2). Note the co-aligned basal bodies (bb) of the cilia. C: Ciliated cells in the vicinity of the 
posterior glands are connected by septate junction (sj) and gap junctions (gj). D: Triangle-shaped ciliary 
rootlets (cr) with the typical electron dense striation. 
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Fig. 8.19. Settled female of Symbion pandora. Light micrograph, anterior faces down. The embryo (em) is at 
a 8-cell stage. Remnants from the anterior ciliated field (vcr) are present within the body. Abbreviations: ac, 
auxiliary cells; sd, settlement disc. 
 
  
Fig. 8.20. Line drawing of a settled female based on the specimen shown in Fig. 8.19. Anterior faces down. 
The embryo (em) is composed of 4 macromeres and 4 micromeres. Abbreviations: ac, auxiliary cells; sd, 
settlement disc; vcr, remnants from the ventral ciliated field. 
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Fig. 8.21. Transmission electron micrographs of myoanatomical aspects. Symbion pandora. A: A muscular 
structure (mu) with an inverted Y-shape is located posteriorly. This structure is originated by the convergence 
of dorsal and ventral longitudinal muscles at the posteriormost region of the body. B: Muscle (mu) running 
longitudinally in the posterior region of the body. Note the short wrinkles (wr) of the cuticle (cu). 
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Fig. 8.22. Transmission electron micrographs of muscles in the medial region of the body. Symbion pandora. 
A: A lateral muscle fiber (mu) running dorso-ventrally anchors both ends to the procuticle (pc) by means of 
attachment fibers (arrowheads). B: A muscle fiber (mu) from a ventral longitudinal muscle is anchored to the 
epidermis (ep) by an attachment fiber. 
 
 
 
 
 
 
 
 
 
 
Fig. 8.23.  Transmission electron micrograph of an 
unknown endosymbiont of Symbion pandora. 
Note the presence of an outer membrane (double 
arrowheads) and an inner membrane (arrowhead). 
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Fig. 8.24.  Transmission electron micrograph of three specimens of the unknown endosymbiont of Symbion 
pandora. Note the presence of several chloroplasts (arrows). 
 
 
8.4 DISCUSSION 
 
Female Morphology and Functional Implications 
Although with a very short life, a cycliophoran female has a body equipped with 
various adaptations for sexual reproduction, locomotion and sensorial selection of suitable 
places for settlement. The small area of the body covered by the ventral ciliated field is 
related to the poor swimming ability of the cycliophoran female, which has only to 
meander between the setae of the mouthparts until find a spot suitable for settling down 
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(Funch, 1996; Obst and Funch, 2005). The crawling movements are facilitated by the 
beating of the compound cilia from the ventral ciliated disc. During locomotion, the 
anterior sensory structures allows for selection of a suitable site and final adhesion of the 
ventral ciliated field. The dorsal, ventral and lateral glands most probably produce adhesive 
and mucus substances that are used for locomotion and for attachment to the host 
mouthparts. The posterior glands associated with the tuft of cilia are likely to produce an 
adhesive secretion that helps in temporary attachment of the posteriormost part of the body 
to the substrate.  
Prior to this study, the musculature of the free swimming female of Symbion 
pandora has been described solely by light microscopy (Funch and Kristensen, 1997). 
More recently, a study based on cytochemical techniques combined with confocal laser 
scanning microscopy and 3D reconstruction gave a detailed description of the musculature 
of a developing female inside a feeding stage (Neves et al., 2010). The overall female 
myoanatomy is, actually, similar to that of the Pandora larva of Symbion americanus 
(Neves et al., 2009). Accordingly, the female musculature includes several circular 
muscles, dorsoventral muscles and longitudinal muscles that run dorsally and ventrally in 
the body (see Funch & Kristensen, 1997; Neves et al., 2010). All these muscles probably 
intervene when the female is escaping from the feeding stage, crawling, or settling down. 
The attachment of the muscle fibers to the cuticle via the epidermis is a condition found in 
several other life cycle stages and must be regarded as part of the cycliophoran 
myoanatomic ground pattern (see Neves et al., 2010).  
The presence of a gonopore in the female body would explain how the sperm cells 
enter the female body. Moreover, it would strengthen the view of the penial structure of the 
dwarf male as a true penis used for copulation and not as a mere anchoring cirrus organ 
(Funch & Kristensen, 1999; Obst and Funch, 2003). The width of the male penis ranges 
from approximately 2.5 μm at the base to 0.5 μm at the tip. This means that the penis has 
the adequate size to penetrate in the putative gonopore. However, the tip of the penis is less 
than one third of the diameter of the sperm cells, which may suggest that this organ is an 
anchoring structure used by the dwarf male to pierce the female during copulation (Obst 
and Funch, 2003; see also Chapter 7 of this thesis). Moreover, internal structures 
conducting from the gonopore-like structure to the oocyte were not found in the ultrathin 
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sections, and continued analysis by TEM will have to take place for confirming the 
function of this ciliated pore. 
The posteriormost region of the oocyte is characterized by cytoplasmic extensions 
that are lined by the thick shell cuticle. These extensions probably increase the area for 
transference of nutrients from the auxiliary cells to the oocyte. Cytoplasmic extensions of 
the oocyte are known from the arthrotardigrade Batillipes noerrevangi, as well (cf. 
Kristensen, 1979). However, in this case the oocyte possesses long pseudopodia to obtain 
nutrients by phagocytosis of nurse cells, which is not the condition found in cycliophorans. 
The secretory vesicles present in the dorsal, ventral and lateral gland types are very 
similar to each other and to vesicles found in the anterior glands and the lateral glands of 
the chordoid larva of Symbion pandora (cf. Funch, 1996). In this larval stage, these gland 
types have been described as producers of adhesive substances, which must be of great 
importance for settling down on the lobster mouthparts. Accordingly, the dorsal, ventral 
and lateral glands of the female probably produce adhesive substances that are essential for 
the adherence of the frontal region of its body to the integument of the lobster host. This is, 
actually, a crucial step to start the encystment of the female and the subsequent 
development of the embryo inside its body. The posterior glands of the female possess two 
types of vesicles; the oval, dark vesicles and the rounded, stippled vesicles. The first type 
of granules resembles that found in the other glands present in the anterior region of the 
female body, whereas the latter type is similar to the mucus-containing granules present in 
the dorsal gland complex of the chordoid larva (Funch, 1996). The posterior glands of the 
female seem thus to produce a mixture of mucus and adhesive substances. 
 
Endosymbiont 
Preliminary analyses suggest that the endosymbionts found in the cycliophoran 
female are cryptophytes with more than one chloroplast or are organisms that have 
permanently or temporarily internalized cryptophytes (Nina Lundholm, pers. comm.). This 
is based on the fact that the thylakoids of the chloroplasts are arranged in pairs, a character 
typical for cryptophytes. These thylakoids are not swollen as usually found in 
cryptophytes, which may be due to the physiological state of the chloroplasts (Garcia-
Cuentos et al., 2010). The endosymbionts found in the female of Symbion pandora contain 
more than one chloroplast, though cryptophytes contain usually one or two chloroplasts 
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(Hill, 1991). However, cryptophytes with several chloroplasts have been reported (e.g., 
Bicudo & Tell, 1988). Further studies are thus needed to establish the exact cryptophyte 
origin of the chloroplasts and determine the exact identity of the endosymbiont. 
 
A comparison with phyla suggested as phylogenetically close to Cycliophora  
The phylogenetic placement of Cycliophora remains uncertain ever since its 
original description (Funch and Kristensen, 1995; Funch et al., 2005). A number of studies 
suggested a relationship to gnathiferan taxa, e.g., Rotifera (Winnepenninckx et al., 1998; 
Giribet et al., 2000; Peterson and Eernisse, 2001; Zrzavý et al., 2001; Zrzavý, 2002; Giribet 
et al., 2004), while others claimed for affinities with Entoprocta (Zrzavý et al., 1998; 
Sørensen et al., 2000; Obst, 2003; Passamanek and Halanych, 2006). Ectoprocta was 
recently suggested to be the sister group of the assemblage Cycliophora-Entoprocta (Paps 
et al., 2009; Hejnol et al., 2009), which was proposed earlier based on morphological 
evidences (see Funch and Kristensen, 1995; Kristensen and Funch, 2002).  
The three phyla suggested as phylogenetically close to cycliophorans accomodate 
species that may reproduce sexually and asexually. Contrary to cycliophorans, many 
entoprocts and ectoprocts are hermaphroditic or dioecious with low sexual dimorphism 
(Mukai et al., 1997; Nielsen and Jespersen, 1997). It is interesting, however, that in all 
ectoprocts gonads lack gonoducts and no defined germ cell lineage exists, which is a 
condition similar to that found in the cycliophoran female (see Mukai et al., 1997 and 
references therein).  
In the phylum Rotifera, species belonging to the class Monogononta show sexual 
dimorphism, with free swimming females and usually have dwarf males. Furthermore, the 
complicated life cycle of monogononts includes two types of females; (i) the amictic 
female that originates amictic daughters by parthenogenesis and (ii) the mictic female that 
develops haploid males by parthenogenesis or diploid resting eggs if the oocyte is fertilized 
by a male (Gilbert, 1983, 2003). Contrary to cycliophorans, monogonont females possess 
an ovarium with several oocytes, which are connected to the vitellarium of the ovary by an 
individual cytoplasmic bridge (Clément and Wurdak, 1997). The vitellarium is a large 
gland that is responsible for the production of yolk destined to the egg. Moreover, the 
female genital apparatus is surrounded by a syncytial follicular layer that continues as an 
oviduct in a number of species (Clément and Wurdak, 1997). The reproductive structures 
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of the monogonont female are, therefore, very different from those found in the 
cycliophoran female. This makes the establishment of possible homologies between these 
two taxa a difficult task. 
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CHAPTER 9 
 
 
 
 
 
The protonephridium and the ciliated inner buds of the 
chordoid larva of Symbion pandora (Cycliophora) 
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ABSTRACT Symbion pandora is an acoelomate animal that lives commensally on the 
mouth parts of the Norway lobster, Nephrops norvegicus, and whose description 
determined recently the erection of a new phylum, Cycliophora. Symbion is characterized 
by a complex life cycle with alternation of sexual and asexual stages. One of these larval 
stages, the so-called ‘chordoid larva’ is regarded as a modified trochophore and was 
described as possessing a pair of protonephridia. However, an ultrafiltration site or a 
nephridiopore have never been found. Herein, a detailed ultrastructural description of the 
cycliophoran protonephridium is given. It is composed of three cells: a multiciliated 
terminal cell, a duct cell and a nephridiopore cell. The ultrafiltration structure is based on 
microvilli processes, covered with extracellular material, that are present distally in the 
terminal cell. The three protonephridial cells form a solid cytoplasmatic tube that encircles 
the lumen of the protonephridial duct, which has 8 to 13 cilia inside. A labyrinth of infolds 
from the cell surface and long microvilli are present in the distalmost third of the 
nephridiopore cell, which ends distally as a nephridiopore at the larval ventral surface. The 
protonephridia are located very close to the posterior clusters of cells known as inner buds, 
which are surrounded by cilia at their outermost side. Cells composing the inner buds are 
cleavage arrested during the free-swimming stage of the larva. The anatomy of the 
cycliophoran excretory organ is compared with that of other protostomes and we conclude 
that the protonephridial architecture of cycliophorans is unique among lophotrochozoan 
taxa. 
 
KEYWORDS: Cycliophora, confocal microscopy, acetylated-α-tubuline, phospho-histone 
H3, Spiralia, Lophotrochozoa. 
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9.1 INTRODUCTION 
 
Individuals of Symbion pandora Funch & Kristensen, 1995 were first observed as 
sessile stages living on the mouthparts of the Norway lobster, Nephrops norvegicus 
Linnaeus, 1758. Due to its uncertain phylogenetic affinities, a new phylum, Cycliophora, 
was erected to accommodate this acoelomate animal (Funch & Kristensen, 1995). Symbion 
americanus Obst, Funch & Kristensen, 2006, lives commensally on the mouthparts of the 
American lobster, Homarus americanus H. Milne-Edwards, 1837, and is only the second 
cycliophoran species hitherto described. The sessile stage is the only cycliophoran form 
able to feed and gives rise to several other stages in a brood chamber of the trunk (Funch & 
Kristensen, 1995, 1997; Kristensen, 2002; Obst & Funch, 2003). One of these stages is the 
Pandora larva, which upon escape from the brood chamber settles close to the maternal 
feeding stage and develops asexually into a new feeding stage. One at a time, a single 
feeding stage is also able to produce and liberate Prometheus larvae or females, which both 
are involved in the sexual part of the life cycle. The Prometheus larva settles on the trunk 
of a feeding individual and generates dwarf males inside its body, while the female settles 
and encysts on the mouthparts of the same host upon fertilization of the oocyte. The 
embryo inside the cyst develops into a chordoid larva that hatches as a free-swimming 
stage. Once freed, the chordoid larva swims to a new host, settles on the mouthparts and 
develops into a new feeding stage. 
So far, the chordoid larva is the only cycliophoran stage in which excretory organs 
have been found. A paired protonephridium composed of one terminal cell and one duct 
cell with 10 cilia inside were described in earlier studies on this larval stage (Funch, 1996). 
However, an ultrafiltration weir and a nephridiopore were not found. The terminal cell was 
described as being situated close to the chordoid organ, while the duct cell is located 
antero-ventrally of cell clusters that form inner buds. These cells probably develop into a 
feeding stage after the settlement of the chordoid larva. The presence of protonephridia in 
the chordoid larva has contributed to the view of this life cycle stage as a modified 
trochophore, although an apical organ, characteristic for most other spiralian larvae, is 
absent (Funch, 1996). 
The phylogenetic affinities of Cycliophora have been under debate since its original 
description. A relationship to Entoprocta and Ectoprocta was originally hypothesized (cf. 
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Funch & Kristensen, 1995), although several studies suggest a close relationship to either 
gnathiferan taxa such as Rotifera (e.g., Winnepenninckx et al., 1998; Giribet et al., 2000; 
Peterson & Eernisse, 2001; Giribet et al., 2004) or Entoprocta (e.g., Zrzavý et al., 1998; 
Sørensen et al., 2000; Funch et al., 2005; Passamaneck & Halanych, 2006). Interestingly, 
recent molecular phylogenetic studies suggest an Ectoprocta-Cycliophora-Entoprocta 
assemblage (Paps et al., 2009; Hejnol et al., 2009). Aiming to broaden the knowledge on 
the cycliophoran morphology and ultrastructure, we provide herein a detailed 
reconstruction of the fine structure of the protonephridium of the chordoid larva of 
Symbion pandora. The description includes the filtration area and the nephridiopore, which 
are characterized for the first time. Furthermore, we focus on a ciliary system that 
surrounds the inner buds, located close to the excretory organs. 
 
 
9.2 MATERIALS AND METHODS 
 
Animals, fixation and immunocytochemistry 
Specimens of the Norway lobster, Nephrops norvegicus, were collected by local 
fishermen on April 21st, 2008, near the coast of Peniche (Portugal). Mouthparts with 
chordoid cysts attached were dissected from the lobsters and placed in Petri dishes with 
seawater for several hours. Free-swimming chordoid larvae were caught with a fine 
Pasteur pipette, anesthetized by adding drops of a 7% MgCl2 solution and subsequently 
fixed for 1 h at room temperature in 4% paraformaldehyde (PFA). All specimens were then 
washed 3 × 15 min in phosphate buffered saline (PBS) containing 0.1% sodium azide 
(NaN3) and stored at 4°C.  
The immunolabeling methods applied were modified after protocols described 
earlier (Wanninger, 2005; Neves et al., 2010). For acetylated α-tubulin staining, several 
PBS-stored specimens were permeabilized for 1 h at 4ºC in 0.1 M PBS containing 5% 
Triton X-100 and 0.1% NaN3 (= PBT) and subsequently immersed in 6% normal goat 
serum (Sigma, Brøndby, Denmark) in PBT (= PTA) for 24 h at 4ºC. The anti-acetylated α-
tubulin antibody from mouse (Sigma) was diluted in PTA and applied at a 1:500 working 
concentration for 24 h at 4ºC. Afterwards, specimens were rinsed four times over 3 h at 
4°C in PTA and incubated in a goat anti-mouse secondary antibody conjugated to 
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fluorescein isothiocyanate (FITC) (Sigma) diluted 1:300 in PTA for 24h at 4°C. This was 
followed by four washes overnight in 0.1 M PBS. Finally, specimens were embedded in 
either Fluoromount G (SouthernBiotech, Birmingham, USA) or Vectashield (Vector 
Laboratories, Burlingame, USA) on glass slides.  
For phospho-histone H3 labelling, permeabilization and blocking of unspecific 
binding sites of the specimens were performed as described above. The anti-phospho-
histone H3 antibody from rabbit (Upstate Biotechnology, New York, USA) was diluted in 
PTA and applied at a 1:300 working concentration for 48 h at 4ºC. Afterwards, specimens 
were rinsed four times over 4 h in PTA at 4°C and incubated in a goat anti-rabbit Alexa 
Fluor 594 secondary antibody (Invitrogen, Molecular Probes, Eugene, USA) diluted 1:400 
in PTA for 48 h at 4°C. To visualize total cell nuclei, a few drops of DAPI (Invitrogen, 
Taastrup, Denmark) were added to the solution with the secondary antibody. Specimens 
were left at room temperature for 30 min in the DAPI solution with a final concentration of 
5 µgml-1. Finally, specimens were rinsed 4 times over 2 h in PBS at 4ºC and mounted on 
glass slides in either Fluoromount G or Vectashield. Eleven histone-3 labeled specimens 
were analyzed and showed consistent results. Negative controls were performed by 
omitting either the primary or the secondary antibody and yielded no specific fluorescent 
signal.  
 
Confocal laserscanning microscopy and 3D reconstruction 
Immunolabeled preparations were examined with a Leica DM IRBE microscope 
equipped with a Leica TCS SP2 confocal laserscanning unit (Leica, Wetzlar, Germany). 
Optical sections were digitally recorded and the resulting stacks were merged into 
maximum projection images and processed with the image editing software Imaris v. 5.7.2 
(Bitplane AG, Zürich, Switzerland) to create 3D surface-rendered models.  
 
Transmission electron microscopy  
Specimens used for transmission electron microscopy were obtained from the 
mouth parts of Nephrops norvegicus caught with cages in Kaldbak Fjord (Faroe Islands) 
on February 3rd and 7th, 1993 and February 16th, 1994. Free swimming chordoid larvae 
were fixed in dialdehyde in 0.1 M sucrose cacodylate buffer for 1 h at 20ºC. The 
dialdehyde consisted of 2.9% glutaraldehyde, 2.0% formaldehyde, 1.25% sea water and 
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2.6% dimethyl sulphoxide (DMSO) in 0.1 M sodium cacodylate buffer (pH 7.4) (Lake 
1973). Subsequently, specimens were postfixed in 1% osmium tetroxide with 0.1 M 
sodium cacodylate buffer for 1 h at 20°C, dehydrated in an ethanol series, transferred to 
propylene oxide and embedded in EPON 812 (TAAB, Berkshire, UK). Ultrathin sections 
were obtained with a Reichert OM 43 ultramicrotome (Reichert, Vienna, Austria) with 
diamond knives and stained with uranyl acetate and lead citrate. The sections were 
examined with a JEOL JEM-100SX transmission electron microscope (JEOL, Tokyo, 
Japan). 
 
 
Fig. 9.1. The chordoid larva of Symbion pandora. Anterior faces left in all aspects, scale bars equal 50 μm. 
A: Light micrograph of the specimen shown in B-D; lateral view. The chordoid organ (ch) bends ventrally 
and runs along the anterior-posterior body axis. Note the ventral (vc) and posterior ciliated fields (pc), and 
the inner bud (ib) region B: CLSM micrograph of acetylated α-tubulin immunoreactivity; lateral view. The 
locomotory ciliated fields, including the anterior ciliated field (ac), become visible as a continuous stripe. The 
dorsal (ds) and hood sensorial ciliated organs (hs) are heavily stained. Note the location of the protonephridia 
(double arrowheads) and the cilia (ibc) that surround the inner buds. C and D: 3D reconstruction of the 
acetylated α-tubulin immunoreactivity; dorsal view (C) and lateral view (D). Color code: locomotory ciliated 
fields, yellow; hood sensorial organ, blue; dorsal sensorial organ, orange; protonephridial cilia, red; cilia of 
the inner buds, green. 
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9.3 RESULTS 
 
Acetylated α-tubulin immunoreactivity 
Application of the antibody directed against acetylated α-tubulin resulted in heavy 
staining of the ciliary bands of the cycliophoran chordoid larva (Fig. 9.1A). The two 
anteriormost ciliated bands and the ventral and posterior ciliated fields appear as a 
continuous stripe (Fig. 9.1B-D). Internally, the sensorial hood organs emerge as an 
anterolateral paired structure, separated from the locomotory cilia (Fig. 9.1B-D). The 
paired dorsal sensory organs are the dorsalmost ciliated structure (Fig. 9.1B-D). Other 
ciliated structures labelled are the paired protonephridia and cilia surrounding the inner 
buds. The protonephridia of the chordoid larva are located approximately midway along its 
anterior-posterior body axis. The terminal cells are located close to the chordoid organ, one 
on each side of this muscular structure. Since the nephridiopore is located laterally in the 
larval body and anteriorly to the terminal cell, the protonephridial duct runs antero-
ventrally and is aligned obliquely with the anterior-posterior body axis (Fig. 9.1B-D). 
 
Ultrastructure of the protonephridial system and the inner buds 
The protonephridium is composed of three cells: a multiciliated terminal cell, a duct 
cell and a nephridiopore cell. The terminal cell is distally in contact with the duct cell by 
means of peripheral microvilli processes (Figs. 9.2, 9.3A,B). These microvilli are covered 
with extracellular material that acts as a filter, which compose the ultrafiltration structure 
(Figs. 9.2, 9.3B). Accordingly, the filtration site is a weir-like structure (sensu Bartolomeus 
and Ax, 1992; Schmidt-Rhaesa, 2007). Inside the nephridial lumen of the terminal cell, 
cilia surrounded by several inner microvilli are attached by means of rootlets to the 
proximalmost membrane and protrude into the protonephridial duct (or canal) inside the 
duct cell (Figs. 9.2, 9.3B,C). The duct cell is connected to the nephridiopore cell without a 
cell gap, forming a solid cytoplasmic tube that encircles the lumen of the protonephridial 
duct. The nuclei of the duct cell and the nephridiopore cell are of similar shape and size 
and are located in the median region of the protonephridial duct, one at each side of this 
structure (Figs. 9.2, 9.4B, 9.5A). The number of cilia inside the protonephridial duct varied 
usually from 8 to 10, although 13 cilia was the maximum observed (Figs. 9.3A, 9.4A). 
Each cilium has the 9 + 2 axoneme arrangement and runs almost until the end of the 
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Fig. 9.2. The protonephridium of the chordoid larva of Symbion pandora. Line drawing based on 
transmission electron and confocal laserscanning microscopy analysis. Abbreviations: cr, ciliary rootlets; de, 
desmosome; dc, duct cell; dcn, duct cell nucleus; im, inner microvilli; la, labyrinth of cell surface infolds and 
long microvilli; mt, mitochondria; nc, nephridiopore cell; ncn, nephridiopore cell nucleus; np, nephridiopore; 
pc, protonephridial cilia; pd, protonephridial duct; pm, peripheral microvilli; tc, terminal cell; tcn, terminal 
cell nucleus; ve, vesicle. 
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Fig. 9.3. Ultrathin sections of the terminal cell of the chordoid larva of Symbion pandora. Arrows indicate the 
section plane within the protonephridium. A: The terminal cell (tc) is intimately associated with the duct cell 
(dc) by means of inner microvilli (im) and peripheral microvilli (pm) and desmosomes (de). The microvilli 
processes compose the filtering area. Note the large nucleus of the terminal cell (tcn). B: Ciliary rootlets (cr) 
anchor the protonephridial cilia (pc) to the inner membrane of the terminal cell (tc). bb, basal bodies. 
 
 
 
protonephridial duct (Figs. 9.2, 9.4B, 9.5A). A labyrinth of several infolds from the cell 
surface and long microvilli are present in the distalmost third of the nephridiopore cell, 
which is bell-shaped due to its wide distal end (Figs. 9.2, 9.5B). The nephridiopore cell 
ends distally in a nephridiopore situated at the ventral surface of the animal (Figs. 9.2, 9.3, 
9.5B). 
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Fig. 9.4. Ultrathin sections of the protonephridial duct of the chordoid larva of Symbion pandora. Arrows 
indicate the section plane within the protonephridium. A: Micrograph showing the duct cell (dc) outside the 
terminal cell. Some duct cell mitochondria (mt) are visible. B: Tangential section of the several 
protonephridial cilia (pc) in the region where both the duct cell and the nephridiopore cell forms the 
protonephridial duct (pd). dcn, duct cell nucleus; ncn, nephridiopore cell nucleus. 
 
 
The protonephridia are located anteroventrally to the inner buds that are two 
clusters of cells, each of them located at one side of the chordoid organ (Figs. 9.6, 9.7, 
9.8A-C, 9.9A,B). The inner buds are lined by cilia, arranged either as a cluster or a row, 
only at the outermost side of each cluster of cells (Fig. 9.6, 9.7, 9.8B-D). The inner bud 
cilia have a 9+2 microtubular arrangement and mitochondria are usually present in their 
vicinity (Fig. 9.8D,E). Although the inner bud cilia and the protonephridia are physically 
close, a cellular connection between the two structures was not found. 
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Fig. 9.5. Ultrathin sections of the protonephridial duct of the chordoid larva of Symbion pandora. Arrows 
indicate the section plane within the protonephridium. A: Longitidinal section of the protonephridial cilia 
(pc) inside the protonephridial duct (pd). Note that the nucleus of the duct cell (dcn) and the nephridiopore 
cell nucleus (ncn) have similar shape and size. B: Inside the nephridiopore cell (nc), a labyrinth (la) of infolds 
from the cell surface and long microvilli is found in the distalmost portion of the protonephridial duct. 
Compound cilia (cc) from the ventral ciliated field are found outside the larval body. 
 
 
Phospho-histone H3 immunoreactivity 
Mitotic cells in the free-swimming chordoid larva are located ventrally, along the 
whole anterior-posterior body axis (Fig. 9.10A-D). Phospho-histone H3 labeled nuclei are 
mainly distributed in the anterior region, in a somewhat sickle-shaped pattern, and laterally 
to the chordoid organ. A heavily stained structure with a mirroring double S-shape is found 
in the anteriormost region of the larval body, where different types of glands are present 
(Fig. 9.9A,C). The heavily stained structure is therefore interpreted as the pair of ventral 
glands (Fig. 9.10A,C), which likewise are S-shaped (compare to Fig. 9.7).  
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Fig. 9.6. The free swimming chordoid larva of Symbion pandora. Line drawing after Funch, 1996, based on 
new electron and confocal microscopy data. Dorsal view, anterior faces upwards. The paired protonephridia 
(pr) are located antero-ventrally to the inner buds (ib), which are formed by two clusters of cells surrounded 
by cilia (ibc). Note the chordoid organ (ch) running along the entire anterior-posterior body axis. Several 
glands are enclosed in the median and anterior region of the larval body. Abbreviations: ag, anterior gland; 
ac1, anterior ciliated band 1; ce, cerebral ganglion; dg, dorsal gland; ds, dorsal sensorial organ; ho, hood of 
rigid cuticle; hs, hood sensorial organ; lg, lateral gland; ls, lateral sensorial organ; me, mesenchyme cells; pc, 
posterior ciliated field. 
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Fig. 9.7. The free swimming chordoid larva of Symbion pandora. Line drawing after Funch, 1996, based on 
novel electron and confocal microscopy data. Ventral view, anterior faces upwards. The two clusters of cell 
composing the inner buds (ib) are located posteriorly in the larval body, one on either side of the chordoid 
organ (ch). Protonephridia (pr) are located antero-ventrally to the inner buds (ib). Note the glands in the 
median and anterior region of the larval body. The several gland outlets (ou) located ventrally is the exit of 
the large midventral gland (mvg). Abbreviations: ag, anterior gland; ac1, anterior ciliated band 1; ac2, 
anterior ciliated band 2; ibc, cilia of the inner bud; lg, lateral gland; ls, lateral sensorial organ; me, 
mesenchyme cells; pc, posterior ciliated field; vc, ventral ciliated field; vg, ventral gland. 
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Fig. 9.8. Ultrastructure of the cilia surrounding the inner buds of the chordoid larva of Symbion pandora; 
transmission electron micrographs. A: Longitudinal section showing the inner bud (ib) located posteriorly in 
the larval body. The ventral ciliated field (vc) is present along the entire anterior-posterior body axis. B: 
Photomerging of the approximate area lined by the square in A. Note the several cilia (double arrowheads) 
that surround the inner bud. C: Close-up of cilia (double arrowheads) in the vicinity of inner bud cells (ib), 
characterized by nuclei (nu) possessing a large nucleolus (no). D: Several mitochondria (mt) are found in the 
vicinity of the inner bud cilia (double arrowheads). E: Detail of the inner bud cilia, showing the 9 + 2 
microtubular organization. 
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Fig. 9.9. TEM micrographs showing the location of the protonephridium and the anterior glands of the 
chordoid larva of Symbion pandora. A: Longitudinal section showing the ventral ciliated field (vc), the 
mesenchyme cells (me), and the posteriorly located inner bud (ib). Small and large squares refer to B and C, 
respectively. B: Close-up of the region lined by the small square in A. Note the microvilli (mv) in the vicinity 
of the proximal region of the duct cell (dc). C: Close-up of the region lined by the large square in A. The 
anteriormost region of the larval body is mainly occupied by the cerebral ganglion (ce) and several glands. 
Note the presence of anterior glands (ag), the anteriormost part of the dorsal glands (dg) and the lateral 
glands (lg), ventral glands (vg) and midventral glands (mvg). Note also the presence of dorso-ventral muscle 
fibers (mu). D: Detail of the outlet complex of the midventral gland (mvg). Cilia between the individual 
gland outlets (ou) belong to the ventral ciliated field (vc). 
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Other gland structures, including the large midventral gland with several ventral 
outlets, are not stained (Figs. 9.6, 9.7, 9.9C,D). Additionally, six pouches with positive 
phospho-histone H3 reaction are present. The two smallest H3 immunoreactive pouches 
are located medially, halfway through the larval body (Fig. 9.10A-D). The four other 
pouches are situated at the lateral sides of the larval body, two in the anteriormost third and 
two in the posteriormost third (Fig. 9.10A-D). Phospho-histone H3 immunoreactive cells 
are absent in the inner buds (Fig. 9.10B,D). 
 
 
9.4 DISCUSSION 
 
Morphology and functional aspects of the cycliophoran protonephridia  
Previous ultrastructural descriptions of the protonephridium of the chordoid larva 
did not reveal the filtration area and the nephridiopore, which are characterized herein for 
the first time (cf. Funch, 1996). The terminal cell is multiciliated and its nucleus is located 
laterally, which agrees with the definition of a flame bulb cell (Wilson and Webster, 1974; 
Ruppert and Smith, 1988). Furthermore, since no pores or slits were found in the wall of 
the terminal cell, the site of ultrafiltration is interpreted as a weir (sensu Bartolomeus and 
Ax, 1992; Schmidt-Rhaesa, 2007). The ultrafiltration process occurs in an area 
characterized by interdigitated peripheral microvilli of the terminal cell, which is entirely 
covered by extracellular material. The beating of the cilia anchored inside the terminal cell, 
and running through the duct cell and nephridiopore cell, is the driving force during the 
filtration process. Several mitochondria are thus present in the terminal cell to provide the 
energy necessary for the beating of the protonephridial cilia. The inner microvilli covered 
with extracellular material that line the protonephridial duct are probably involved in the 
reabsorption of, e.g., water. However, the long microvilli present in the distalmost third of 
the nephridiopore cell probably increase the surface where water is recovered by active 
transport. 
 The presence of protonephridia in the non-feeding chordoid larva but not in the 
feeding stage is puzzling. According to the hypothetical cycliophoran life cycle (see Funch 
& Kristensen, 1995; Obst & Funch, 2003), the highly motile, free-swimming chordoid 
larva settles on the mouthparts of a new host lobster individual, giving origin to a new  
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Fig. 9.10. Phospho-histone H3 immunoreactivity in the chordoid larva of Symbion pandora visualized by 
CLSM (A-C) and 3D reconstruction (D). Anterior faces left in all aspects, scale bars equal 50 μm. A: Lateral 
view showing the nucleus of several mitotic cells (mc) along the anterior-posterior larval body axis. Note the 
strong immunoreactive signal from the anterior ventral glands (vg). Six pouches with intense immunoreactive 
signal are found anteriorly (ap), medially (mp) and posteriorly (pp). B: Same specimen as in A with cell 
nuclei visualized by DAPI labelling (blue). Note the dense arrangement of the inner bud cells (ib). DAPI 
positive signal from the nuclei of these cells is not co-located with the phospho-histone H3 label signal. C: 
Dorsal view showing a pattern of phospho-histone H3 immunoreactivity as described in A. D: Same 
specimen as in C. The nuclei of the inner bud cells are not phospho-histone H3 immunoreactive. White dots 
outline the paired inner buds. Color code: nuclei of mitotic cells, red; ventral glands, yellow; anterior and 
posterior pouches, green; median pouches, light blue; DAPI labelled nuclei, dark blue. 
 
 
feeding stage. A high metabolic rate with the production of metabolic byproducts is likely 
to be associated with this behavior, although the duration of the active period of the 
chordoid larva remains unknown. The Pandora larva, which does not possess any excretory 
organs, also settles to develop into a new feeding stage, but does not swim. We therefore 
expect that the metabolic rate in this larva is lower than in the chordoid larva, which makes 
protonephridia unnecessary. 
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The inner buds and phospho-histone H3 expression 
Since inner buds develop into a feeding stage, cell metabolic rate is likely to be 
intense while the chordoid larva is seeking for a new host. Interestingly, the inner bud cells 
did not reveal phospho-histone H3 expression in the free swimming chordoid larvae 
investigated. Instead, the arrangement of phospho-histone H3 labeled cells in the chordoid 
larva seems to be spatially correlated with the nervous system. The anterior and 
longitudinal distribution of mitotic cells matches the regions surrounding the brain and the 
longitudinal nerve cords. This may indicate that the inner buds are not the only 
contributors for the development of the chordoid larva into a feeding stage. 
 
Phylogenetic considerations  
The protonephridium of the cycliophoran chordoid larva possesses several 
structural characters that characterize the protonephridial primary construction of 
Nephrozoa (Bartolomaeus & Ax, 1992; Jondelius et al., 2002). These are, (i) the one-pair 
arrangement, (ii) the tripartite organization consisting of one terminal cell, one duct cell, 
and one nephridiopore cell and (iii) the distally oriented filtration area in the terminal cell. 
However, in this hypothetical basal organization all protonephridial cells are monociliated, 
which is not the case found in the chordoid larva of Symbion. The primary construction of 
the protonephridium also accounts for an ectodermal origin of this excretory structure in 
nephrozoans. Although nothing is known about cycliophoran nephridiogenesis, we 
speculate that this is also true for this phylum because of the intraepidermal position of the 
protonephridia in the chordoid larva. Moreover, the nephridiopore cell is part of the 
epidermal cell layer.  
 A multiciliated terminal cell with a weir as ultrafiltration structure is known from 
some platyhelminths, such as certain macrostomids and neodermatids (Rohde, 1991). In 
this case, however, two alternating circles of rods project from the terminal cell and the 
adjacent duct cell, which is different from the condition found in the cycliophoran chordoid 
larva. Moreover, diverse structural modifications are known in these groups of 
platyhelminths and the excretory organ may be composed of one to several terminal cells 
attached to a branched canal cell. The terminal organ of these flatworms remarkably 
resembles those found in Entoprocta, which is a phylum that may be closely related to 
Cycliophora (see Wilson & Webster, 1974). In general, entoprocts possess paired 
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protonephridia that are composed of four multiciliated cells (Franke, 1993; Nielsen and 
Jespersen, 1997). Two of these cells constitute the non-ramified terminal organ of, e.g., 
Loxosomella fauveli, in which the filtration area is formed by alternating interdigitated 
microvilli-like processes covered with extracellular material (Franke, 1993). Moreover, the 
terminal cell possesses cytoplasmic pillars in the filtration area that strengthen this 
structure. The overall protonephridial anatomy of entoprocts is therefore distinct from that 
found in the excretory organ of the cycliophoran chordoid larva, which argues against a 
cycliophoran-entoproct sistergroup relationship suggested by morphological or molecular 
based studies (Zrzavý et al. 1998; Sørensen et al. 2000; Obst 2003; Passamaneck and 
Halanych 2006; Paps et al. 2009; Hejnol et al. 2009). 
 A sister group relationship between Rotifera and Cycliophora has been suggested 
earlier, as well (see above). In rotifers, protonephridia are paired and may have one to 
several multiciliated, fan-shaped flame cells (Clément & Wurdak, 1991). The flame cell of 
monogonont rotifers, e.g. Asplanchna, is porous and has several pillars, which are 
considered homologous to cilia, and cytoplasmic rods known as columns (Warner, 1969). 
These structures are arranged concentrically around the multiple cilia inside the lumen, and 
a filtering membrane covers and is present between the columns. However, in bdelloid 
rotifers the flame cell is simpler and because there are no separate columns, the 
intracytoplasmic pillars support the filtering membrane (Schramm, 1978). In Seison, the 
filtration barrier is a hollow cylinder that lacks microvilli and is perforated by pores, which 
constitutes a new characteristic for the rotifers (Ahlrichs, 1993). Therefore, none of the 
rotiferan terminal organs described so far resemble the cycliophoran terminal cell 
described herein (Riemann and Ahlrichs, 2009). 
Besides the phyla mentioned above, studies on protonephridial systems have been 
described for a number of protostome taxa as diverse as Micrognathozoa (Kristensen & 
Funch, 2000; Sørensen & Kristensen, 2010), Kinorhyncha (Neuhaus, 1988; Kristensen & 
Hay-Schmidt, 1989), Nemertea (Jespersen, 1987; Jespersen & Lützen, 1989), Loricifera 
(Neuhaus & Kristensen, 2007), Mollusca (Haszprunar & Ruthensteiner, 2000; 
Ruthensteiner et al., 2001), Gnathostomulida (Lammert, 1985), Gastrotricha (Neuhaus, 
1987; Kieneke et al., 2008) and Annelida (Westheide, 1986; for review, see Bartolomaeus 
& Quast, 2005). The so-called head kidneys found in some larval polychaete annelids 
possess a tripartite organization and in some species, e.g., Magelona mirabilis and 
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Scoloplos armiger, only three cells compose the excretory structure (Bartolomaeus, 1995, 
1998), similar to the condition present in the cycliophoran chordoid larva. In these 
polychaetes however, the membrane of the terminal cell is perforated by several clefts and 
pores that are covered by extracellular material and function as a molecular sieve during 
ultrafiltration. Moreover all three composing cells may be either multiciliated or 
monociliated, which is clearly different from the condition found in Cycliophora. 
Protonephridia composed of only three cells are also found in gnathostomulids and 
gastrotrichs, although several differences to cycliophorans are evident (Lammert, 1985; 
Neuhaus, 1987). For instance, the filtration barrier in gnathostomulids and gastrotrichs is 
the porous wall of the terminal cell and not peripheral microvilli as described herein for 
Cycliophora. In addition, the ciliation pattern is different from the condition found in the 
chordoid larva: in gastrotrichs the three composing cells are monociliated, while in 
gnathostomulids the duct cell and the nephridiopore cell are non-ciliated and the terminal 
cell is monociliated.  
The cycliophoran protonephridial architecture has characteristics that seem to be 
unique among metazoans. The main difference to other nephrozoans (i.e., all bilaterians 
except the acoelomorph taxa) is related to the filtration area. No pores or clefts are found in 
the membrane of the terminal cell and peripheral microvilli alone appear to be responsible 
for the molecular sieving process. If the last common ancestor of nephrozoans had pores or 
clefts perforating the membrane of the terminal cell, this character was probably 
secondarily lost in the cycliophoran lineage. On the contrary, if this character was not 
present in the last common nephrozoan ancestor, the cycliophoran protonephridium must 
be regarded as basal within Nephrozoa. 
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ABSTRACT The marine epizoic Symbion pandora (Phylum Cycliophora) has a complex 
life cycle with alternation between asexual and sexual reproduction. The most prominent 
life cycle stage is a polyp-like, feeding individual that is able to generate one of three 
motile stages, namely a Pandora larva, a female or a Prometheus larva. However, the 
stimuli that induce the shift from asexuality to sexuality in cycliophorans remain unknown. 
Aiming to test if age of the feeding stage and the presence of attached Prometheus larvae 
are important factors inducing sexual maturation in Cycliophora, we have performed in 
vivo experiments with feeding individuals isolated in culture plates at 4ºC and 7-10ºC. We 
observed that the capacity of the feeding individuals to reproduce asexually is highly 
reduced at 4ºC. Our results show that the type of motile stage developed asexually is not 
independent of the age of the maternal individuals. Accordingly, young feeding stages 
produce Pandora larvae, while older individuals generate the sexual intervening forms, i.e., 
the Prometheus larva and the female. The generation of a female instead of a Prometheus 
larva or a Pandora larva could be significantly associated to presence of a Prometheus larva 
attached to the trunk of the feeding stage. An updated cycliophoran life cycle is provided. 
 
KEYWORDS: life cycle, metagenesis, epibiosis, evolution, Spiralia, Lophotrochozoa.  
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Symbion pandora (Phylum Cycliophora): possible cues for sexual maturation (manuscript 
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10.1 INTRODUCTION 
 
Symbion pandora Funch and Kristensen, 1995 is a microscopic animal that lives as 
a commensal epizoic on the mouthparts of the Norway lobster, Nephrops norvegicus 
Linnaeus, 1758. This is the first species described for the enigmatic phylum Cycliophora, 
which accommodates only a few other species more (Funch and Kristensen, 1995). The 
second hitherto described species Symbion americanus Obst, Funch and Kristensen, 2006 
lives on the American lobster Homarus americanus H. Milne-Edwards, 1837, while a still 
undescribed species lives on the European lobster, Homarus gammarus Linnaeus, 1758 
(see Funch and Kristensen, 1997; Nedvěd, 2004; Obst et al., 2006).  
Cycliophorans are highly host specific and their metagenetic life cycle – i.e., with 
alternation of asexual and sexual generations – takes place only in the microhabitat 
provided by the mouthparts of the host (Kristensen, 2002; Obst & Funch, 2003; Obst and 
Funch, 2005). The most prominent stage is a feeding individual that is permanently 
attached to the integument of the host (Fig. 10.1A). This polyp-like stage grows by the 
successive replacement of the buccal funnel and gut, which is a regenerative process that 
implicates the appearance of wrinkles in the cuticle of the trunk (Fig. 10.1A’) (Funch and 
Kristensen, 1995). Moreover, this feeding stage is able to reproduce asexually by 
generating a non-feeding larva, the so called Pandora larva (Fig. 10.2A). Once freed, this 
larva settles close to the maternal individual and develops into a new feeding stage, 
contributing to a fast increment of the population (Funch & Kristensen, 1995, 1997; Obst 
& Funch 2005). Cycliophorans may reproduce sexually, as well. The feeding individual is 
able to produce two other free motile stages, the female (Fig. 10.2B) and the Prometheus 
larva (Fig. 10.1C). The latter settles on the trunk of a feeding individual and produces 1-3 
dwarf males inside (Fig. 10.1B). Afterwards, the female is impregnated by the dwarf male 
and encysts to originate a chordoid larva, which is the dispersal stage (Funch, 1996). 
This complex life cycle is distinct from all metazoan taxa, including those regarded 
as phylogenetically close. These are Entoprocta (e.g., Zrzavý et al., 1998; Sørensen et al., 
2000; Funch et al., 2005; Passamanek & Halanych, 2006; Paps et al. 2009; Hejnol et al. 
2009; Fuchs et al., 2010), Ectoprocta (cf. Funch & Kristensen, 1995; Paps et al., 2009; 
Hejnol et al., 2009; Fuchs et al., 2010), and Rotifera (e.g., Winnepenninckx et al., 1998; 
Giribet et al., 2000; Peterson & Eernisse, 2001; Giribet et al., 2004). Entoprocts and  
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Fig. 10.1. Symbion pandora, light micrographs. Distal or anterior faces upwards in all aspects. A: Feeding 
stage attached to a seta (se) of the host’s mouthpart by means of a short stalk (st). Note that the buccal funnel 
(bf) is closed, as in the specimen shown in B. A': close up of the wrinkles (arrowheads) in the trunk (tr) of the 
feeding stage shown in A. B: Prometheus larva (apl) attached to the trunk of a feeding stage. C: Free 
swimming Prometheus larva; lateral view. Note the two dwarf males (dm) developing inside the larval body. 
A ventral ciliated field (vc) is present anteriorly in the larval body. 
 
 
ectoprocts are in general hermaphroditic, though many species belonging to each phylum 
reproduce asexually by external budding. Moreover, alternation of generations was never 
described neither in entoprocts nor in ectoprocts (Brusca and Brusca, 2003; Nielsen, 1971; 
Temkin and Zimmer, 2002). Interestingly, the ectoproct Triticella koreni Sars, 1873 
reproduces synchronously with the moulting events of its host, the shrimp Calocaris 
macandreae Bell, 1853. In Triticella reproduction ceases before the moulting events of the 
host, which happens once a year and high density populations are found only on fully 
grown hosts (Ström, 1969). Since Triticella is also found on the Norway lobster these 
observations gain further relevance for comparative studies with the life cycle of Symbion.  
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Fig. 10.2. Symbion pandora, light micrographs. Anterior faces upwards in both aspects; dorsal views. A: 
Pandora larva with an internal buccal funnel (bf). Note the ventral sensory organ (ve) located anteriorly in the 
body. B: Female with a large oocyte (oo) located medially in the anterior-posterior body axis. 
 
 
A complex life cycle is described for monogonont rotifers, in which an 
environmental stimulus is associated with high population densities. A chemical signal, 
which is most probably a protein, is produced by the rotifers and released in the 
surrounding water inducing sexuality (Gilbert, 2003a; Stelzer and Snell, 2003; Snell et al., 
2006). This process appears, however, to be more complex and associated to an 
endogenous regulation since the crowding stimulus alters the physiology of the 
reproductive females (for details see Gilbert, 2002, 2003b). Furthermore, abiotic factors 
such as temperature, salinity and food quality, influence the reproduction of the 
monogonont rotifers (Snell, 1986).  
Stimuli inducing a shift to sexual reproduction in populations that are reproducing 
asexually are known from several other metazoan taxa. For instance, the cladoceran 
Daphnia Müller, 1785 is influenced by several factors to reproduce sexually. In this 
planktonic herbivore, the simultaneous influence of food quality, chemically-mediated 
crowding and photoperiod, as well as genetic factors and transgenerational control, are 
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known to induce the production of sexual, resting eggs (Kleiven et al., 1992; Deng, 1996; 
Alekseev and Lampert, 2001; Kock et al., 2009). The photoperiod is, actually, an abiotic 
factor known to thoroughly influence the life cycle of the insect aphids (Simon et al., 
2002). These cyclical parthenogens reproduce sexually in the autumn because of the 
decreasing of the day length and temperature. Another example of crowding stimulus is 
refered to the mesozoan Dicyemida, which inhabit the kidney of benthic cephalopods and 
have a metagenetic life cycle. In this case, vermiform stages are produced until the 
population becomes dense and a putative chemical factor induces the dicyemids to 
reproduce sexually and release dispersal larvae (Lapan and Morowitz, 1972). However, an 
alternative explanation argues that sexual maturation of the host is the inductive signal that 
triggers sexuality in dicyemids (Hyman, 1940). Interestingly, a metagenetic life cycle is 
characteristic of cnidarians (Fautin, 2002; but see Cornelius, 1990). The whole life cycle of 
the scyphozoan genus Cassiopea Péron and Lesueur, 1809 is somewhat controled by 
abiotic and biotic factors. In this case the formation of the medusa stage, which is 
responsible for sexuality, is influenced by temperature and presence of endosymbiotic 
dinoflagellates (Hofmann et al., 1996).  
So far, there are no certainties on what controls reproduction in cycliophorans. 
Besides the age of the feeding stages, high levels of population density, the attached 
Prometheus larvae and a moulting signal from the host have been suggested to play an 
important role in inducing sexuality (Funch and Kristensen, 1999; Obst and Funch, 2003, 
2006). We have performed experiments and observations in vivo to test the influence of the 
temperature on the capacity of the feeding stages to generate asexually a Pandora larva, a 
Prometheus larva or a female. Moreover, we test if the age of the maternal feeding 
individuals, as estimated by the number of wrinkles in the trunk, and the presence/absence 
of attached Prometheus larvae are important factors for the sexual maturation of 
cycliophorans. 
 
 
10.2 MATERIALS AND METHODS 
Specimens of Symbion pandora attached to mouthparts of the Norway lobster, 
Nephrops norvegicus, were collected from Sweden during experiments performed between 
June 23rd and July 25th, 2008. The lobsters were caught with cages by local fishermen in 
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Gullmarsfjorden and retained in running seawater without any food supply. Mouthparts 
with the epizoic cycliophorans were dissected from the lobsters and immersed in a 
substrate of homogenised fresh mussel (Mytilus edulis) in seawater for 1 hour. Afterwards, 
setae were gently shaved from the mouthparts using a scalpel. Feeding individuals with no 
filter-feeding activity, i.e., with a closed buccal funnel were isolated in 6-well culture 
plates with seawater supplied with antibiotics (penicillin and streptomycin, 15 mgL-1).  
Subsets of 90 and 96 feeding stages were incubated at 4ºC and 7-10ºC, 
respectively, and daily checked for free motile stages crawling on the plates. The 
experimental temperatures were chosen according to the average temperature of the sea 
water during winter (4ºC) and spring (7-10ºC) and to help preventing the uncontrolled 
growth of fungus and bacteria in the culture plates. When detected, the free stage and the 
respective maternal feeding individual were caught with a fine Pasteur pipette, mounted on 
microslides and covered with coverslips. Specimens were then fixed in 4% 
paraformaldehyde, washed several times with distilled water, and dehydrated by a graded 
series of glycerol (12.5%, 25%, 50%, 75% and 100%). Finally, the whole-mounts with 
different stages were studied using an Olympus NX51 microscope (Olympus, Tokio, 
Japan) with phase-contrast and Normarski DIC microscopy. Microphotographs of several 
specimens observed were taken using an Olympus C-3030 digital camera. 
Using light microscopy, the age of maternal feeding individuals was estimated by 
counting the number of wrinkles in the cuticle of the trunk. Accordingly, it was assumed 
that age of feeding individuals increases directly proportional to the number of wrinkles. 
Furthermore, a feeding stage with five wrinkles or less was considered “young”, while an 
individual with more than five wrinkles was considered “old”. The type of free swimming 
stage liberated by the feeding individual and the number of Prometheus larvae attached to 
its trunk were recorded, as well. Statistical analysis was performed using a test of 
goodness-of-fit, the so-called G test, with the William’s correction for small sample sizes 
(e.g. Sokal and Rohlf, 1987). This test of independence was used to evaluate if (i) 
temperature is associated to the capacity of the feeding individuals to reproduce asexually, 
(ii) if the generation of sexual or asexual life cycle stages is related to the age of the 
maternal feeding individuals, and (iii) if the presence of attached Prometheus larvae may 
be associated to the generation of females by the feeding individual.     
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10.3 RESULTS 
 
The number of feeding stages generating motile stages was minor in the sub-
experiment performed at 4ºC. At this low temperature, solely three feeding stages out of 90 
(3.3%) liberated free swimming stages, namely one Prometheus larva and two females 
(Table 10.1). The Prometheus larva escaped from a feeding stage with 5 wrinkles, whereas 
the two females were liberated from feeding stages with five and one wrinkle, respectively. 
From the sub-experiment performed at 7-10ºC with a total number of 96 feeding stages, 36 
individuals produced and liberated a free swimming stage, while 60 did not reproduce 
(Table 10.1). Among the reproductive feeding stages, 13 (13.5%), 18 (18.8%) and five 
(5.2%) feeding stages developed and liberated a Pandora larva, a female and a Prometheus 
larva, respectively. The set of feeding individuals kept at 4ºC produced significantly less 
free swimming stages than those maintained in a temperature between 7-10ºC (G = 37.202 
> χ2 = 10.828 for p=0.001 and one degree of freedom). 
 
 
 
Table 10.1 – Number (and percentage) of free swimming stages liberated from reproductive feeding 
individuals (Ri) at 4ºC and 7-10ºC. N represents the total number of feeding individuals used at each 
temperature. 
 
   
Liberated free swimming stages 
 
Temperature N Ri 
Pandora 
larva 
Prometheus 
larva 
Female 
      
4ºC 90 3 (3.3%) 0 (0.0%) 1 (1.1%) 2 (2.2%) 
7-10ºC 96 36 (37.5%) 13 (13.5%) 5 (5.2%) 18 (18.8%) 
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Feeding individuals that generated a Pandora larva had an average (± standard 
error) of only 4.2±0.64 wrinkles, whereas those that generated a Prometheus larva or a 
female had 6.6±3.14 and 9.2±0.83 wrinkles on average, respectively (Fig. 10.3). The 
results of the G test showed that the type of motile stage developed asexually is not 
independent of the age of the maternal individuals (G = 11.687 > χ2 = 10.828 for p=0.001 
and one degree of freedom). Young feeding stages, i.e., maternal individuals with five 
wrinkles or less are more likely to produce a Pandora larva than a female or a Prometheus 
larva. However, it must be stressed out that the high standard error for the average number 
of wrinkles in feeding individuals that have developed Prometheus larvae is due to a single 
but extremely high value. This is because from the five feeding individuals that developed 
this larval type, four had 2-5 wrinkles and one had 19.   
 
 
 
 
 
Fig. 10.3. Average number (bars indicate standard error) of cuticular wrinkles in the trunk of the reproductive 
feeding individuals which have generated a motile stage. 
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Prometheus larvae were found attached to feeding stages with 9.6±0.75 wrinkles on 
average (± standard error), while individuals without a Prometheus larva attached to its 
trunk showed an average of 4.5±0.92 wrinkles (Fig. 10.4). Amongst 55 feeding stages with 
one or more Prometheus larvae attached, only 18 have developed asexually a free 
swimming stage. From the total of the reproducing individuals, one Pandora larva and 16 
females were generated by old feeding stages (with more than five wrinkles), while only 
one female was liberated by a young feeding stage (with five or less wrinkles) (Fig. 10.5a). 
On the other hand, in a group of 41 feeding stages with no Prometheus larvae settled on the 
trunk, 18 individuals have developed free swimming stages. Of these, 11 Pandora larvae, 
one female and three Prometheus larvae were generated by young feeding individuals, 
while one Pandora larva and two Prometheus larvae were generated by old feeding stages 
(Fig. 10.5b). The presence of one or more Prometheus larvae attached on the trunk of 
feeding stages could be significantly associated to the development of a female (G = 
33.080 > χ2 = 10.828 for p=0.001 and one degree of freedom). 
 
 
 
Fig. 10.4. Average number (bars indicate standard error) of cuticular wrinkles in the trunk of reproductive 
feeding stages in the presence or absence of attached Prometheus larvae. 
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Fig. 10.5. A: Percentage of reproductive young and old feeding stages when one or more Prometheus larvae 
are attached to their trunks. The motile stages developed by the feeding individuals may be a Pandora larva, a 
female or a Prometheus larva. B: Percentage of young and old maternal individuals which have developed a 
motile stage in the absence of attached Prometheus larvae. 
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10.4 DISCUSSION 
 
Temperature seems to be an abiotic factor of great influence on the life cycle of 
Symbion pandora. A temperature as low as 4ºC highly decreases the number of free living 
stages developed and liberated by the feeding stages, which is perhaps related to a 
diminishing of the metabolic rate of the latter. Since the temperature of the sea water 
inhabited by the cycliophorans can be even lower it is speculated that these epizoic 
invertebrates survive winter time with very low population densities. Further studies are, 
however, needed to add more information on year-round population dynamics.   
 The results presented herein support earlier theoretical assumptions that a young 
feeding stage, i.e., with only a few wrinkles in the cuticle of the trunk, typically produces a 
Pandora larva whereas an old individual produces either a female or a Prometheus larva 
(Funch & Kristensen, 1995, 1997). Our statistically based analysis corroborate those earlier 
assumptions showing clearly that the age of the maternal feeding individual influences the 
type of free living stage to be developed and liberated. However, in our experiment, the 
number of feeding individuals that developed Prometheus larvae was very low (only five) 
and standard error for the average number of wrinkles was too high. Further experiments 
using more individuals are desired to clarify the average age of feeding individuals that 
developed Prometheus larvae. Since old and young feeding stages may be simultaneously 
found on the mouthparts of the lobster host, the cycliophoran population is usually formed 
by a mixture of sexual and asexual life cycle stages and apparently there is no 
synchronicity of the sexual reproduction within the population. 
  The preference of the Prometheus larvae to settle on old feeding stages, together 
with the type of motile stage produced when this larval stage is present allow us to draw 
further conclusions. We statistically infer that feeding stages with one or more Prometheus 
larvae settled on its trunk are typically old and develop a female asexually. In contrast, 
Prometheus larvae are typically absent on young feeding stages which are more likely to 
liberate a Pandora larva or a Prometheus larva. Interestingly in this study, feeding stages 
with Prometheus larvae attached never produced other Prometheus larvae. A main question 
still persists; is the free motile Prometheus larva able to induce the generation of a female 
by the feeding stage, or it has only the ability to sense the female already in development? 
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 Our results are generally in accordance with those from earlier investigations 
performed by M. Obst and P. Funch (pers. comm.). These experiments were performed 
exactly with the same methodological approach except for the temperature, since they were 
conducted at 10-12ºC. In this case, the authors also conclude that the generation of a 
Pandora larva, a Prometheus larva or a female is not arbitrary but related to the age of the 
maternal feeding stage and, possibly, to the presence/absence of Prometheus larvae settled 
on its trunk. Interestingly, these earlier studies show that Prometheus larvae are produced 
by feeding individuals with 6.6±1.46 wrinkles on average (± standard error), which is a 
value approximate to that from our results that nevertheless showed a much higher 
standard error. This supports the need for further experiments with a higher number of 
individuals to clarify this issue. The induction of sexuality by influence of the moulting 
cycle of the host lobster or by a crowding stimulus has been tested earlier, as well (M. Obst 
and P. Funch, pers. comm.). Unpublished results from these experiments indicated that 
neither the size of the cycliophoran population nor the level of ecdysis-triggering hormones 
in the hemolymph of the lobster can induce the generation of sexual stages. This is in 
agreement with our observation of typically mixed populations and suggestion of lack of 
synchronity in sexual reproduction. 
 The role of age in cycliophoran sexuality is a condition completely different from 
that found in taxa traditionally regarded as phylogenetically close, i.e., Entoprocts, 
Ectoprocts and Rotifers (see above). The life cycle of Symbion seems not to be adjusted to 
moulting events of the crustacean host, as is the case of the ectoproct Triticella (Ström, 
1969), or to crowding stimulus as in monogonont rotifers (Gilbert, 2003a; Stelzer and 
Snell, 2003; Snell et al., 2006). Since it is not clear whether the Prometheus larva senses 
the feeding stages which are developing a female or if its settlement on individuals induces 
the development of a female, future studies on Symbion’s life cycle should focus again on 
the role of temperature and age. Therefore, we suggest a new experimental procedure in 
which sub-groups of feeding stages are tested at a wider range of temperatures, e.g., 4ºC, 
7ºC, 10ºC, 13ºC, 16ºC and 19ºC, reproducing conditions similar to high summer 
temperatures.  
Together, results from the experiments performed so far on the cycliophoran life 
cycle argue in favour of a shift to sexuality motivated by the age of the feeding stages. 
Consequently, (i) in order to rapidly colonize the mouthparts of the host, young feeding  
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Fig. 10.6. Updated cycliophoran life cycle. The young feeding stage does not reproduce, but regenerates its 
feeding structures from internal budding cells (A-B). A larger, older feeding stage, with approx. 4 cuticular 
wrinkles in the trunk, regenerates the feeding structures and produces a Pandora larva asexually (C). The 
Pandora larva escapes and settles close to the maternal individual, developing into a new feeding stage (D-E). 
Later, an older feeding stage with approx. 7 wrinkles produces a Prometheus larva (F). Once freed, the 
Prometheus larva settles on the trunk of a feeding stage (G) and generates 1-3 dwarf males inside its body 
(H). A feeding stage with approx. 9 wrinkles generates a female (I). By an unknown process, the female is 
impregnated by the dwarf male and settles on the mouthparts of the host (J-L). The embryo inside the 
remnants of the female body develops into a chordoid larva that escapes and settles on a new host, 
developing into a feeding stage (M-Q). 
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stages produce the asexual Pandora larvae by a repetitive inner budding process; (ii) after 
several budding events, the older feeding individual, with more wrinkles, starts to produce 
the Prometheus larvae, a sexual intervening form; (iii) the Prometheus larvae settle then 
typically on the trunk of the oldest feeding stages, which generate females. Using the 
number of cuticular wrinkles in the trunk as a proxy for the age, we thus update the life 
cycle of Symbion pandora, stressing the importance of the age of the feeding stage for the 
generation of different types of free swimming stages and the settlement of the Prometheus 
larvae (Fig. 10.6). 
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11.1 FINAL CONCLUSIONS 
 
Besides providing novel sets of characters for phylogenetic analysis, the present 
dissertation brings cycliophorans to a fore level of anatomical research, i.e., 
immunocytochemistry in combination with confocal laser scanning microscopy and 3D 
imaging. These sophisticated techniques allowed visualizing and comparing all 
cycliophoran life cycle stages as never before.  
Studies on the myoanatomy of the various life cycle stages (Chapters 2 and 3) 
revealed striking similarities in the muscular arrangement of both Symbion species. The 
feeding stage possesses the least complex body musculature of all life cycle stages, though 
it has a highly elaborated anal sphincter composed of mesodermal and myoepithelial 
fibers. This sessile individual is also the only life cycle stage showing plasticity concerning 
shape and number of myoanatomical elements, namely the trunk longitudinal muscles. 
Longitudinal retractor muscles, dorsoventral muscles, and circular muscles are present in 
several life cycle stages and account for a highly conserved myoanatomical ground-pattern 
of the phylum Cycliophora. A comparison of myoanatomical aspects of cycliophorans with 
those observed in other metazoan phyla, including the traditionally proposed sistergroups 
Rotifera and Entoprocta, does not permit any final inference for the phylogenetic 
placement of the phylum in study.  
The overall myoanatomy of Cycliophora resembles that found in rotifers (Hochberg 
and Litvaitis, 2000; Riemann et al., 2008), however the muscle fibers insertion is different. 
In all cycliophoran stages studied in Chapter 3, mesodermal muscle fibers clearly attach to 
the cuticle via the epidermis by means of double hemidesmosomes. On the contrary, a true 
cuticle is absent in rotifers and muscle fibers insert directly at the epidermis (Ruppert, 
1991; Clément and Wurdak, 1991). Also the ventrally intercrossing dorsoventral muscles 
present in the creeping larva of Entoprocta and the cycliophoran Pandora larva are not 
straightforwardly interpreted as homologous structures. This is because in cycliophorans 
these muscles do not enclose the main visceral organs as is the case in entoprocts 
(Haszprunar and Wanninger, 2007). With certainty, the cytochemical techniques described 
in Chapters 2 and 3 are now a powerful tool to identify intermediate life cycle stages, 
which may be of great advantage to fully resolve the complex cycliophoran life cycle. 
Immunocytochemical research on the cycliophoran neural architecture revealed 
previously unknown neural features (Chapters 4 and 5). This is the case of the neurites that 
innervate the dorsal ciliated organs and the lateral ciliated pits of the chordoid larva, which 
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were not identified before by transmission electron microscopy (TEM). The comparative 
analysis of the three cycliophoran larval types revealed that the serotonergic cerebral 
ganglion of the chordoid larva differs significantly from that of the Pandora larva and the 
Prometheus larva. Several perikarya protrude from the cerebral ganglion of the Pandora 
larva and the Prometheus larva of S. americanus, which is not the condition found in the 
chordoid larva of S. pandora. Moreover, the chordoid larva has four distinct ventral 
longitudinal neurites, while the other larval forms have only two. The two pairs of 
serotonergic neurites running ventrally in the body of the chordoid larva is a condition that 
differs from the tetraneurous condition observed in larval Entoprocta and shared with basal 
molluscs (Wanninger et al. 2007). However, in the creeping-type larva of entoprocts the 
inner pair is ventral, while the outer pair is located more dorsally. Moreover, in the 
chordoid larva the inner neurites lack RFamide-like immunoreactivity and the inner and 
outer serotonergic neurites fuse in the posterior body region.  
Since all larval types of Cycliophora lack a serotonergic apical organ with flask-
shaped cells the overall neuroanatomical condition of cycliophoran larvae, including the 
anterior cerebral ganglion and ventral nerve cords, resembles much more the situation 
found in adult rather than larval spiralians (cf. Nielsen 2008). Additional studies on the 
distribution of immunoreactive substances in the nervous system of the several life cycle 
stages of Cycliophora will permit further comparisons with other lophotrochozoan taxa. It 
is also absolutely necessary to study the neuroanatomy of the feeding stage. This stage has 
a central role in the life cycle and a comprehensive knowledge on its neuroanatomy may 
render new evidences to clarify the phylogenetic placement of Cycliophora. Transmission 
electron and confocal laser scanning microscopic research performed during this 4-year 
project on several feeding individuals did not reveal the presence of any ganglionic 
structures. Only a nervous cell with a large nucleus found located distal laterally in the 
buccal funnel. Complementary research is thus necessary to confirm the existence of 
ganglions at the base of the buccal funnel and partially surrounding the oesophagus as 
suggested in earlier studies based on light microscopy (Funch and Kristensen, 1997).  
The anatomical and ultrastructural aspects of the dwarf male analyzed in this 
dissertation have strengthened the view of this minute stage as a free-living individual 
(Chapters 6 and 7). Cycliophoran males of both Symbion species possess a sophisticated 
bodyplan including a relatively large brain, fully developed gonads and mating structures, 
sensory organs, several glands and complex myoanatomy. The determination of the 
number of cells in sexually mature males of S. pandora and S. americanus showed, 
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however, that they are composed of solely 52 and 59 cells on average, respectively 
(Chapter 6). This is surprising since these cell numbers are much lower than that of any 
other free-living, sexually mature metazoan of comparable anatomical complexity or even 
that of parasitic organisms with simple bodyplans. These observations have far-reaching 
impacts on what we know about complexity of metazoans, which we conclude is neither 
correlated to the body size nor the overall number of cells of an individual (Bell and 
Mooers, 1997; Valentine, 2004).  
Concerning neuroanatomy, TEM observations show that the male possesses a 
cerebral ganglion of relatively large size with respect to its entire body volume. It is thus 
somewhat unexpected that serotonin in the cerebral ganglion of this life cycle stage is 
confined to the median commissural neuropil (Chapter 5). Complementary studies have 
demonstrated that FMRFamide-like neurotransmitters are also not distributed throughout 
the entire volume of the cerebral ganglion. However, contrary to serotonin, FMRFamide-
like neurotransmitters are also found in the perikarya and not only in the commissural 
neuropil of the cerebral ganglion (RCN, pers. obs.). Since the dwarf male is a sexually 
mature adult stage, these observations will be interesting to compare with upcoming data 
on the distribution of immunoreactive substances in the nervous system of the female and 
the feeding stage.  
The presence in the cycliophoran male of extensive locomotory ciliated fields, 
sensory organs and an elaborated muscle architecture are indicative of its swimming and 
crawling capabilities (Chapters 2, 3 and 7). These locomotory and sensory structures are 
probably of great importance for the male to find the female and copulate (Funch and 
Kristensen 1999, Obst and Funch 2003). Furthermore, the several muscles present at the 
posterior body region in connection with the base of the penis (Chapters 2 and 3) support 
the view of this structure either as a true copulatory organ or as an anchoring device used 
to pierce the female during copulation (Obst and Funch, 2003). 
The discovery of a putative gonopore of approx. 3 µm in diameter in the female 
body is of the uttermost relevance for the discussion on how copulation occurs in 
Cycliophora (Chapter 8). Since the width of the male penis ranges from ca. 2.5 μm at the 
base to 0.5 μm at the tip, this organ has the adequate size to enter in the putative gonoporal 
aperture. This would definitely attest the penial organ as a true copulatory organ, bringing 
the discussion to an end. However, the tip of the penis is less than one third of the diameter 
of the sperm cells, which may suggest that this organ is instead an anchoring structure (see 
above). If this is the case, the putative gonopore may be merely the body entrance for the 
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sperm cells, though internal structures conducting from this ciliated structure to the oocyte 
were not found in ultrathin sections.  
Continued analysis by TEM revealed that the posteriormost region of the oocyte is 
characterized by cytoplasmic extensions, which are interpreted as the interface between the 
female gamete and auxiliary cells for the transfer of nutrients. A similar condition is 
known from the heterotardigrade Batillipes noerrevangi, although in this case there is a 
long cytoplasmic offshoot from the oocyte to phagocyte the so-called nurse cells (see 
Kristensen, 1979). Further comparative studies are desirable to ascertain the possible 
similarity between cycliophoran and tardigrades concerning cytoplasmic extensions of the 
female gamete. This issue assumes relevant interest since other unusual anatomical detail 
is described for Symbion and B. noerrevangi, i.e., the two hemidesmosome structure 
known from the myo-epidermal junction (see Chapter 3). 
Because cycliophoran females usually die after the settlement under laboratory 
conditions, only 2-cell embryos were observed so far. The developing embryo with 4 
micromeres and 4 macromeres, as shown in Chapter 8, is thus the later cleavage phase ever 
recorded for Cycliophora. Cleavage in cycliophorans is clearly total, though it is not 
known whether this process is radial or spiral. Such information will be very important for 
the discussion on the phylogenetic placement of this enigmatic phylum. 
At the organ level, new revelations on the protonephridium of the chordoid larva 
give further insights for the phylogenetic discussion (Chapter 9). The cycliophoran 
protonephridium is characterized by a one-pair arrangement, a tripartite organization (one 
terminal cell, one duct cell and one nephridiopore cell) and a distally oriented filtration 
area in the terminal cell. Overall, this larval excretory organ is organized as the 
hypothetical primary construction of the protonephridium of Nephrozoa (Bartolomaeus & 
Ax, 1992; Jondelius et al., 2002). However, all protonephridial cells are monociliated in 
this hypothetical basal organization, which is not the case of cyliophorans.  
The cycliophoran protonephridial architecture diverges from that of all other 
nephrozoans mainly in the filtration area. Since no pores or clefts are found in the 
membrane of the terminal cell, peripheral microvilli appear to be responsible for the 
filtration process in Cycliophora. A filtration area formed by alternating interdigitated 
microvilli-like processes is also found in Entoprocta, a group with proposed close affinities 
to cycliophorans. However, in this case cytoplasmic pillars are present to strengthen the 
filtration structure, which argues against a sister-group relationship between these phyla 
(Franke, 1993; Nielsen and Jespersen, 1997). The architecture of the cycliophoran 
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protonephridium seems thus to be unique among nephrozoans. As a general conclusion, if 
the last common ancestor of the nephrozoan lineage had pores or clefts in the filtration 
area, this character was probably secondarily lost in the cycliophoran lineage. On the 
contrary, if this character was not present in the last common ancestor of nephrozoans, the 
protonephridium of Cycliophora must be regarded as basal within Nephrozoa. 
The cycliophoran life cycle is not fully understood given that several aspects are 
still not well described, e.g., the impregnation of the female by the dwarf male and the 
development of the chordoid larva (Kristensen, 2002; Obst and Funch, 2003). The shift 
from asexual to sexual reproduction is also a remaining question, though several potential 
inducing signals have been suggested earlier. These are (i) the age of the feeding stages, 
(ii) the influence of the Prometheus larva attached to the maternal feeding individual, (iii) a 
crowding signal and (iv) a molting signal from the lobster host (Funch and Kristensen, 
1999; Obst and Funch, 2003, 2006). Based on earlier, unpublished studies (P. Funch and 
M. Obst, pers. comm.) and novel results it is concluded that the age of the maternal feeding 
stage is what induces the development of sexual forms is (Chapter 10).  
Age of a feeding individual is estimated by the number of wrinkles in the cuticle of 
the trunk, which appear during the recurring replacement of the buccal funnel and gut. Our 
results demonstrate that young feeding stages (with 1-5 wrinkles) typically produce a 
Pandora larva, while old individuals (with > 5 wrinkles) produce either a female or a 
Prometheus larva. Prometheus larvae attached to the trunk of the maternal individuals may 
also be the stimulus that induces the development of a female. However, this is not clear 
since this larval form may just prefer to settle on old feeding individuals, or even somehow 
sense the female already developing inside the feeding individual. Age-mediated sexual 
maturation is a condition characteristic for Symbion, which is not observed in the groups 
traditionally regarded as phylogenetically related, i.e., Entoprocta, Ectoprocta and Rotifera.   
At present, a comprehensive assessment of the existing knowledge on Cycliophora 
does not permit a final decision on its phylogenetic placement within Metazoa. This is 
because the morphological feature that indisputably indicates the sister-group of 
Cycliophora is thus far unknown. All life cycle stages from both hitherto described 
cycliophoran species must thus be exhaustively studied in order to find that feature (see 
below). Morphological data on Cycliophora are absolutely necessary for phylogenetic 
analysis; especially because this phylum has been difficult to place using molecular data 
alone (see General Introduction). The first molecular study is based on 18S ribosomal 
RNA sequence data, in which Cycliophora is placed in a sister-group relationship with 
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Rotifera (Winnepenninckx et al., 1998). Since then, the phylum in study has literally 
‘jumped’ between a position either close to Rotifera or to Entoprocta. The latter situation 
is, actually, suggested recently in the first phylogenomic study that includes Cycliophora 
(Hejnol et al., 2009).  
The inference of the phylogenetic position of this enigmatic phylum, most probably 
in the not-too-distant future, may rely on a combination of genomic and morphological 
data. In view of that, the new morphological features exposed in this dissertation are 
henceforth available to be used in upcoming phylogenetic studies on Cycliophora.  
 
 
11.2 FUTURE DIRECTIONS 
 
Further studies on the various life cycle stages will enhance our knowledge on 
cycliophoran anatomy and may even shed light on the evolution of morphological 
characters in metazoans. For instance, new data on the myoanatomy of the Prometheus 
larva or on the distribution of neurotransmitters in the nervous system of the female and 
the feeding stage will be of great value to achieve this. Moreover, the description of the 
third cycliophoran species that lives commensally on the European lobster, Homarus 
gammarus, may give new anatomical insights on these enigmatic animals. In addition to 
anatomical studies, broad-scale phylogenetic studies based on the mitochondrial genome, 
expressed sequence tags (ESTs) and whole-genome sequencing should be performed to 
clarify the phylogenetic position of Cycliophora within the metazoan tree of life. 
Finally, future directions for research on Cycliophora should also focus on their 
developmental biology. It is indispensable to know more about inner budding 
reproduction, embryogenesis, gastrulation, and neurogenesis in these enigmatic animals. 
Cell lineage studies would track cycliophoran research in the 4D microscopy era, opening 
new insights to discuss phylogenetic relationships of this taxon. 
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